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4 
th ent & } 4 = 
mum Of the specimen 
is stoke the 
1vzed With a curved tal. 
ron and af 
| acuum spectrograph. The light n 
electror bean 
ivned to obse irnfuce of the 
‘ ion to be ana ore ded with 
objective placed on the ax of the second ni ii”! 
ler Its magnification X450 
The quantitative determination of 
the analyzed ‘ hoot 
ntensity of a strong charact 
ment, as emitted from the 
ntensit I(A) of thi ame line 4s 


Fig. 2—-View of the open spec 


trometer 


A mounted near the sample 
and this is one of the greatest ad- 
technique, that the ratio L,/I(A) is 

ation equal to the concentration 

i the sample. The comparison of these 
radiation of the ame wavelength 
thod absolute, and avoids the use of 
of composition covering a range of 
cluding that the specimen. Thi 
importance if the method is to be 

‘ ince it would be impossible 

f standards which would be homo- 
mall scale required for this tech- 


requires that corrections for 
the specimen and fluorescence 
Graphs and equations giving 
ve been established and, afte 
ible to obtain a precision of 
chemical analyse 
Fiq 3 Hadfield steel with segregation bands, annealed 2 hr ment described here, called hereafter 
at 850°C Note that the mmpact spots are smaller than the croanal r, enable the determination to be 
black dots, due to a spreading of the contamination around rade of all the elements of atomic number greater 


the umpact Etched with mtal X450 Reduced approximately } if chlorine It may be po ible by the 


5 pet to 
19 pe ¢ reproduction counte! to extend this limit down- 


¢ number to include aluminium and 
The analysis for very light element 
whose characteristic radiation 1 
raises problems of technique which 
method unsuitable for industrial 


id of rapid chemical analysis has already 

ises in the field of metallography, and 
»> be extended to the study of non-conductotr 

these are first coated with a very thin 

(about 3 my thick), which makes the 

an important field of ap- 

in mineralogy. The study of 

jarine sediments has already 

ied out with this equipment 

out that the limit of resolution, 

o far obtained (about 2 y»), Is 

method itself, but results from 


Fig 4 Manganese segregation in Hadtield steel Zones of thick ample If very thin 


high manganese « ntent (a bb. and « correspond to the mpi l can be obtained by ionic 


carbide containing bands, see Fig 3 bor ty through which the beam could pa 
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without scattering, thi limit could be decreased 
till further 


cantly more complicated 


without the technique becoming ignifi 


Construction of the Apparatus and Preliminary Trials 


Two microanalyzers have been con tructed at the 
Office National d'Etude et Recherche Aero 
(ONERA) to the design of one of the 
author The cost of construction was borne by 
ONERA and IRSID (Institut de Recherches de la 
Siderurgie), each of which now has one complet 


nautique 


model in operation. The layout of the apparatu 
hown in Figs. 1 and 2 
The remainder of thi devoted to a de 
cription of some preliminary tests which have been 
made at IRSID to establish some possible applica 
tions in metallurgy. These were confined to studi 


paper 1 


of segregation, diffusion, identification and analysi 
of metallic phases and, finally, the microanalysis of 
mineral 

Segregation of Manganese——-Although manganese 
is reputed not to show major segregation, it ha 
long been known from microradiographic studie 
that minor segregation occu A typical case of thi 
is to be found in the banded structure of steels that 
contain a rather high percentage of manganese 
Quantitative information on the degree of manga 
nese segregation can be obtained with the equip 
ment described. For the purposes of illustration two 
teels have been chosen 

Tire Steel: The tire steel analyzed as follow _t 
0.55 pet; Mn, 1.05 pet; S, 0.026 pet; Si, 0.3 pet; P, 
0.020 pet 

The Comstock etch, which reveals the segre, 
of phosphoru howed the typical structure of the 
of segregation. It is interesting here to note 
the presence of sulfides in the high phosphorus zone 
Table I shows the results of the author 
for manganese and iron at different location 

These result how that, besides the regions of 
high manganese content resulting from the presence 
of sulfides, there 
ganese in the metallic matrix in the region 


ation 


band 


analyse 


a considerable increase of man 
where 
phosphorus segregate 

Hadfield Steel (12 Pet Mn, 1.28 Pet C): A thorough 
investigation of the decomposition of austenite in 
this steel has led to the conclusion that manganese 


hould be important in thi tee] kor 


epregation 


Fig. 5—Open-hearth steel scale; mechanical polishing 1) 
metal; 2) FeO, ash grey, 3) FeS, yellowish grey; and 4) dark 
grey silicate. X1200. Reduced approximately 30 pct for repro 
duction 
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Fig. 6—Schematic diagram of oxidation of a NiCr alloy 


that purpose ections parallel to the axis of the rod 


have been examined by conventional micrography 
and with the microanalyzer. The banded 
revealed marked! after an annealing at 850°C 
for 2 hr by carbide 
as shown in Fig. 3 
A vow of black dot 
ents the uceessive impacts of the electron probe 
vhen the 
ratu These 


an electron beam of increased intensits 


tructure 


precipitated along some band 


een in the same figure repre 


ample has been analyzed in the appa 
Impacts are due to contamination by 
Segregation has been observed along that line 


hy Zone 


of high manganese content correspond 


Table || Manganese and tron Contents 


Analyzed Kegion ret Ma Pet be 


bands, but it should be 
noted that the reported manganese content corre 


to that of the matrix, and not to that of the 


to the carbide-containing 


pond 
carbide which are richer in manganese 
Selective Oxidation During Sealing 
Sillets heated in an oil-fired furnace are coated with 
With the microanalyzer, the variou 


Sealing 


complex scale 
constituents can be studied, using a micrographic 
ection. The photomicrograph of the interior of thi 
cale, as found on a typical open-hearth billet (0.4 


pet C, 0.6 pet Mn, 0.31 pet Si, 0.22 pet Ni, 0.14 pet 


Cu), shows the existence of four phase kis » The 
results of the analyse hown in Table Il, enable 
the phases from the iron ( manganese) content to 


te identified thi Compo ition of the 


known in advance. The identification 


approximate 
phases being 
are given in the last column of the table 


Considerable enrichment of nickel has been ob 


erved in the metal which | irrounded by oxide 

ilfide and silicate vhereas those phase them 

elves contain no trace of nickel. An increase in the 

copper content has been found in the sulfide, while 
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Fig 7-—Fe 30 pet Cr alloy annealed ot 1050°C Ferrite and 
carbides, electrolytic polishing X700 Reduced approximately 
10 pet for reproduction 
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es | er. These were first embedded it fhe microanalyzer has also been used to find the 


tween precipitate and matrix is automatically 

obtained. If the precipitates have been obtained by 

mged annealing at a fixed temperature, it Is 
tablish the equilibrium diagram 

rience has shown that the accuracy of these 

excellent. The relative error is about 1 

percentages which are not too low. The 

detection threshold of an element seems to be at 

concentrations of about 0.2 to 0.3 pet 
References 
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Fig 11--Oolite from the ore of Sainte Barbe, embedded in 
plastic and mechanically polished X150 Reduced approx 
mately 25 pet for reproduction 


Discussion 


Oxidation of Zirconium Between 400° and 800°C 


The vacuum microbalance method is used to study the oxidation reaction for two surface prep 
arations over the temperature range of 400° to 800°C. The results fit in well with the authors pre 
vious work at temperatures of 200° to 425°C and with the work of other groups at higher tempera- 
tures. An analysis of the rate data shows that the cubic rate law fits the experimental data best 
tor the abraded specimens. However, the parabolic rate law can be fitted to the data if an initial 
deviation #s disregarded. With chemically polished specimens, a good fit is obtained with the para 
bolic rate law. The parabolic rate law constant A gives two straight lines when plotted as log A vs 
1/T. For the temperature range of 200° to 525°C an energy of activation of 18,200 cal per mol is 
calculated while a value of 28,600 cal per mol is calculated for the temperature range of 525° to 
750°C. The results of this work bring together the previously determined high-temperature oxida 
tion studies of Cubicciotti with the early low-temperature studies of Gulbransen and Andrew 


by Earl A. Gulbransen and Kenneth F. Andrew 


ral grouy The pi ol <tends out he 2-hr experiments between 200° and 425 C afte 


oxidation of zirconiun dt howed that the parabolic rate law fitted 


eu ud » the hig mip ! dis f an initial deviation. An energy of activation of 
Cul tt ind Belle and Mallett. Grulbransen and 8.200 cal per mol was calculated. Cubieciotti, in a 
ud between 593 and 880 C howed that the 
lic rate law fitted the data and an energy of 

{2.000 cal per mol was calculated. In 

contrast to these studies on sheet specimens, Belle 
and Mallett tudied the oxidation reaction on rod 


pecimens and found a cubic rate law to fit the data 
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In view of the growing importance of zirconiun 
and its alloys as metallurgical materials, this work 
was undertaken with three purposes in view: 1) to 
study the reaction between 400° and 800 C to asce! 
tain if a change occurs in the reaction mechanism 
between 400° and 600 C; 2) to test the application 
of the cubic and parabolic rate laws to the 
long-time oxidations and for specimens of var) 
surface preparation; and 3) to test the mechani 
of the reaction by the use of theoretical rate 


Experimental 


a Fig. —Reaction of zirconium with oxygen at 450° to 750°C; 
‘ ts : ; 76 cm of Hg of O, abraded through 4/0. A, 750°, B, 700° 

work, smaller specimens were used together with a C 650°. D, 600°. E. 550°. F, 500°. and G, 450°C 
specially constructed low-sensitivity microbalance 
The balance had a sensitivity of 0.21 10° em pe 
we weight change. Weight changes were estimated 
to 1.5 weg 

A gas-tight mullite furnace tube was used 
enclose the sample This tube was sealed direct] 
to the all-gla vacuum system. Pressures of le 
than 10° mm Hg could be achieved in the 

To minimize reaction of zirconium with the 


present in the vacuum system during the hei 
period, the specimen and furnace tube were evi 
ated at room temperature for 16 hr at pressures ol 
less than 10° mm Hg. After raising the furnace 
around the furnace tube, purified oxygen’ was added 
as soon as thermal equilibrium was established 
Table I shows the spectrographic analyse 

hafnium-free grade of zirconium 


Fig. 2—Effect of temperature on oxidation of chemically 
polished zirconium, 76 cm of Hg of O. A, 500°, B, 450°, 
Three specimen sizes were used. ° 0.5000 and C, 400°C 
pecimens had surface areas of 11.4 to 12 sq em and 
a thickness of 0.0127 cm, the 0.2500-g specimens had 
urface areas of about 6.5 1, and the 0.1000 
specimens had surface areas of 2.9 sq en The 
ple were abraded and cleaned following proce 
used in earlier studie 
Some of the specimens were chemically polished 
in a special acid bath having a composition 45 pet 


HNO,, 10 pet HF, and 45 pet H.O 


Results and Discussion 
Figs. 1 to 3 show the results of the oxidation 
periments. In these figures the weight gain | 
grams per square centimeter is plotted a 
tion of the time in minute An oxygen pre re Oo Fig. 3—Effect of temperature on oxidation of chemically 
7.6 em Hg and oxidation times of 6 hr are used for polished zirconium, 7.6 cm of Hg of O.. A, 700°; B, 600°, 


all of the experiment and C, 550°C 


To convert the weight gain microgran p 
square centimeter to thickne in Angstrom unit 
a factor of 61.5 is used. This factor is calculate 
from the crystal structure of the oxide, assumin 
urface roughne ratio of unity The reproduc 
bility of the data is 10 to 25 pet below 500°C and 
5 to 10 pet above 500 C 

Abraded Surface Treatment 
gain curves for the temperature 
750°C. A rapid initial rate of reaction oce 
the rate of reaction decreasing as the oxide 
Table II show a summary of the 
after 6 hr of reaction, together with 
oxide film. All of the oxide filn 
metal on cooling. At 750°C the ox 
thickness of 125,000A 
20 pet reaction of the 

At 800°C an extren 
Before an obsery 


ad 


gain after adding oxygen men ana | Fig. 4—Onxidation of zirconium (cubic plot) at 500°C; 76 


porting wire melted and fell otton ) ‘ cm of Hg of O, abraded through 4/0 
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tube. This type of spontaneous ignition of 
im has been teported by Hayes and Roberson 

thicker specimens at 1000°C 
mtaneous ignition results from the rapid rate 
on, the high heat of formation of the 
und the high surface-to-ma ratio for 5-mil- 

p specimen 

Chemically Polished Specimens -Fig 2 and 3 
ww weight gain curve temperature range 
100 to 500 C and 550 to 700 C. re pectively 
»xidation curves are obtained. However, the 
Fiq %& Oxrdation of sirconmum ‘parabolic plot) at 500°C at of oxidation are maller than those obtained 
76 om of Hq of O, abraded through 1/0 A equals | 44x10 


per sqcm per sec 


abraded specimens for the me temperature 
the lower rate of oxidation to the 
rfaces formed by chemical polishing and 
resence of a passive oxide film formed in the 
poh hin proce 
je Il summarizes the 6-hr oxide film thickne 
data and the color of the oxide film for the chem1i- 
cally polished specimen 
Rate Law Correlation foth the cubic rate law 
and the parabolic rate law have been used to explain 


the oxidation rate data on zirconium The cubs 


W A't 
and C’ are constants, t is the time, and W 
ht gain Mott and Cabrera derived thi 
physical principles for a limited thickne 
» general derivation for a wide range of 
ha been given 


rate law state 


Ww At 
Fig G Oxidation of zircomum ‘cubic plot) at 700°C 
cmotHq O, abraded through 4/0 ‘are constants and the other ymbol 
meaning as in the previous equation 


Table |. Spectrographic Analyses of Zirconium 


biement Wt Pet 


0 002 
0007 
0009 
0 
0.05 
0.001 
ooo} 
0 002 
ooo! 
002 
0.001 


Onrdation of rirconmum (parabolic plot) at 750°C 0 0005 
76 of Hq of abraded through 4/0 A equals 142x10 0 O0005 


g per sq com per sec 


0 00005 


Grunewald’ and later Mott” derived 

from fundamental physical principle 

iow may be taken in applying rate 
experimental data. First, from a prac- 
of view one may be interested finding 
empirical ri law Second, from a theo- 

it of view one may be interested in inter 
mechanism of the reaction. In the latter 
ential realize that the properties of 
ide and the rfi depend upon the initial 
reatment and amount of reaction. Thu it 
rpret theoretically the initial stage 
rms of the physical and chemical 
thicker oxide filn 

Fig & Onxidation of chemecally polished zirconium | paraboli mia iffect the 
plot) at 550°C. 76 em of Hq of O A equals 289x10 The surface area expo » the 


g per sq cm) per sec i re; us oxidation | roceed 2) The 
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rute law state 
Here A 
ar law fro 
film thicl 
1 
7 
Fe 
\ 
Cu 
Wer’ ar 
Ca 
‘ 
7 
a 
ir 
ar 


urface temperature 


initial reaction. 3) Certain impurities may concen 
trate in the oxide during the initial stages of the 
reaction. 4) The crystallite size of the oxide change 


rapidly during the initial age of 
5) The metal may be covered with an oxide film 
variable thickness and properti 

To test the fit of the two rate laws, plots are made 


of the experimental data. Fig. 4 shows a plot to test 
the cubic rate law. Here the weight gain cubed 
plotted against time Fis » show i test of the 


parabolic rate law. Here the weight gain squared 
plotted against time These figures and Table II 
how that the cubic rate law ve a better fit t 


the data for the experiments on abraded specimen 
between 400° and 650 C 
Figs. 6 and 7 show cubic and paraboli 


plot for the 700 C oxidation of abraded 


pecimen 


An initial deviation is found for the parabolic rate 
law plot while the cubic rate law plot show i 
Table Ii. Thickness and Color of the Oxide Films Formed 
on Zirconium 
Oxide Thickness 
Temper per 
ature, sq tm (olor Kate Law 
Abraded 
‘ lv ‘ it 
64 0 $104 
‘ 
Chemi 
cally 
Polished 
400 224 G 
450 y Met 
on 12 6 RO 
I 
teadily increasing Similar ce ition the 
rate laws are found for the 750 C expe ment 


We conclude that for practical predictior the 


cubic rate law gives the best correlation 

For the chemically polished specimens, Table II 
ummarizes the fit of the two rate lay I 6 and 
9 shows the parabolic rate law plots for the 550 


and 700 C experiment An excellent found 
for the 550°C experiment. At 700 C the data or 
fit the rate law after a reaction t ‘ f 1) 

The good fit to the parabolic rate law below 600 ¢ 
for these pecimens is probat fue t thie 

urface roughne of the specimen and the ‘ 
ence of a passive film which limits the nitial rate 
of reaction. Mathematicall the parabol ite 
predicts a slower initial rate of reaction than the 
cubic rate law. It would be expected, therefore, that 
the parabolic rate law would explain the oxidatror 
of chemically polished specimen h the eult 
ate law giving a better fit for the brace 

nen 

mal of the parabolic rate law constant ! 
two surface preparation vhile 0 show 
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Fig. 9—Oxidation of chemically polished zirconium (para 
bolic plot) at 700°C, 76 cm of Hg of O., abraded through 
4/0. A equals 62x10 


g per sq cm) per sec 


of the logarithm of the rate law constant against 


1/1 The results of the present study are shown 
tovether with the results of our earlier work’ and 
those of Cubieciotts The figure hows that the 
abraded and chemically polished specimens oxidize 


aut nearly the same rate for temperatures of 600°C 


and higher. At lower temperature the chemically 
polished specimens react at a much lower rate. The 
high temperature results are in fair agreement with 
those of Cubiceiotti, considering the fact that a 
fifferent quality of zirconium was used as well a 


different experimental method 

Phe results on the abraded specimens of Fig. 10 
ire explained by two straight line Below 525 C 
vation of 18,200 cal per mol 
lated while a heat of activation of 28,600 cal 1 


alculated for the data between 525° and 750 C The 


ealeou 


euson tor the breath rm othe plot ut 25 C 1 not 


iInderstood 


Theoretical 
One method to establish the mechan 1 of the 
Kidation reaction is to apply theoretical rate law 
the data and test the agreement. In our earhen 
ipo e apphed the transition state theory of 


oxidation to interpret the parabole rate law 
mental value of 18,200 cal por mol 


the heat of activation an entrap ol ict ation 


if 29.6 cal per mol pet ( was calculated The 
nepative entroy of activation was interpreted in 
tern of diffusion occurring at oxide grain bound 
athie than tt uvh the oxide lattices 
With the restatement of the classical theory of 
liffusion by Zener it has been possible clarify 
the processe nvolved in oxidation and diffusion 
and to interpret the entropie and heat activa 
tion experimentally observed in terms of assumed 
Iwo types of processes ie involved in oxidation 
1} i proce ‘ which involve the free 
of formation. of i Vacane nterstitial 
defect Al ind rate process vhich involve a free 
ere of activation of diffusion AF kor osx dation 
eaction vhere the parabohe rate law hi been 
found to fit the data, if possible to set down sev 
‘ echanist fe the reaction depending upon 
the detail of for defect vhich eaction 
Mechanisms for the Oxidation four mechanism 
been proposed fe the oxidation f metal 
‘ ) it Vvacan 
if ! cutior i cation vacanct 
rite titinl ite and 
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may vary due to the rapid 
Jr 
gr 
— Pa : 


+) migration of cations via interstitial sites. Mecha- 
nism | has been proposed to be rate controlling with 
the vacancies being formed at the metal-oxide inter 
ace Lefore discussing these mechanisms further! 
it is important to consider the crystal structure of 

Structure of ZrO, Vacancies, and Intersitial 
Holes Electron diffraction studies by Hickman and 
(,ulbransen’ have hown the formation of mono 
cline ZrO, when zirconium oxidized. The mono 
clinie lattice is a distorted form of the fluorite struc 


ture. The oxygen tons in ZrO, are in a close-packed 


arrangement with oxygen spacings of 2.6 to 2.7A 
hives other distorted cube of eight oxygen ton 
eontains a zirconium ion 

Since the oxygen ions are in a close-packed 
arrangement, it would be extremely difficult for 
mother oxy#gen ton or atom to occupy the cente! 
of this close-packed group. From a structural view 


point, the migration of anions interstially is rathet 
improbable 

Phe evidence to support the existence and diffu 
ion of anion vacancies is the fact that inert market 
placed on the metal surface remain on the surface 
during oxidation” and to the fact that the oxide 
may contain ie oxyven (or more metal) than the 
toichiometric amount. To maintain electrical neu 
tralit two zirconium tons near the anion vacancy 
must assume a charge of $ instead of } 

In the fluorite structure, the interstitial sites for 


cation diffusion are the same as those discussed for 


Table UL Parabolic Rate Law Constants Abraded and Chemical 
Polished Surfaces (New Data) 


( hemically 


Volished Abraded 
lemper per Sqem) 1 per Sq Om) 
ature ‘ per See per See 

il 

tx 

ix lf 

lt 
7 10 
HOx10 
H44x10 O8x10 
O1K10 
20K 1 6 80x10 

1 42x10 

‘ Ignited 


nterstitial oxygen ion diffusion. The six adjacent 
distorted cube of oxyven ton to a Zi ion are 
cant The thermodynamic evidence suggests that 
the trongzly bonded to the neighboring 


en bon 


Cation vacancu ive formed by solution of oxygen 

the lattice and the removal of a Z:1 ion. To 
maintam electrical neutrality, four neighboring O 
ions may give up an electron forming O 

lo simplify the use of rate theory in evaluating 


the mechanism of oxidation, we will consider the 
details of two most probable oxidation mechanism 

1) anion diffusion via anion vacanci and 2) cation 
diffusion via cation vacancie Cation diffusion via 


interstitial site can be classed with mechanism 1 


ince the entropy of the formation of an inter titial 
ion os probabl mall In contrast, mechanism 2 
nvolve u rather large entropy change for the 


formation of defect 


I 1] how the two possible mechanisms con 


idered here for the oxidation of zirconium and the 


defect equation 
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Parabolic Rate Law Equations— Using the classi- 
cal theory of oxidation and diffusion,” we can derive 
theoretical expressions for the parabolic rate law 
constant A 

Assuming anion diffusion with the vacancies 
formed by mechanism A of Fig. 11, we have the 
following expression based on 1 g atom of oxygen 
reacting with the metal 


(aS°/3 + AS*) 
R 
(AH°/3 + SH*) 
exp [1] 
RT 


A 1.260Nva'y exp | 


Assuming cation diffusion with vacancies formed 
by mechanism B of Fig. 11, we have the following 
expression based on 1 g atom of oxygen reacting 
with the metal 


(AS"/2.5 


AS*) | 
R 


A 0.660Nva‘y exp | 


(SH"°/2.5 + 
exp | | P 
RT 
Here @ is the volume of oxide formed per ion 
diffusing through the lattice, P is the pressure of O., 
V is the number of anion or cation sites per cubic 
centimeter, v is the frequency of vibration along the 
reaction path, a is the distance between diffusing 
ite y is a constant determined by the geometry 
of the jump processes and AS* and AH" are the 
entropy and heat of activation of diffusion. AS” and 
\H° are the entropy and heat of formation of l g 
atom of oxide following mechanisms A and B of 
Fig 9. The factors 3 and 2.5 by which AS" and SH 
are divided arise from the number of defects formed 
per gram atom of oxide formed 
Except for numerical constants and the pressure 
of oxygen in equation 2, these expressions are 
immilar 
In the discussion that follows we shall estimate 
the entropy of defect formation for the two proc- 
esse The other quantities in the rate expression 
are determined from the structure of the oxide 
Since the heat of formation of defects plus the heat 


of activation of diffusion are determined experi- 


Fig. 10-—Log A vs 

1/T oxidation of 

zirconium. NN 
28,600 cal per mol, ’ \ 

\H 18,200 cal ee 
per mol; and . 


per mol, according 
to Cubicciotti 
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‘ 
in 
q 
‘= 
2 
Cre 


mentally, the only undetermined quantity is the 
entropy of activation of diffusion. This can be calcu 
lated experimentally from the rate expression. A¢ 
cording to the Zener picture of diffusion 
of activation of diffusion must take on po 
values for normal diffusion processes 

Calculation of Absolute Rate of Oxidation of Zir- 
conium—The following steps are used to evaluate 
the parabolic rate law constant A 

1) The frequency v is evaluated from the Debye 
temperature 6, by the equation 


Here k is Planck's constant and h is Boltzman’s con 
tant. Appendix | shows the calculation 
2) y, a, 2 and N are determined from the struc 
ture of ZrO 
3) SH" 4+ SH” are determined as ; n from i Fig 11 
experimental plot of log A vs 1/7 "| 
two values of SH \H These are 18,200 c: 
mol for the temperature range of 200° to 550°C and 
28,600 cal per mol for the temperature range of 
550 to 750 ts 
4) \S” can be estimated from two considera ‘ 
emperature 


‘ ‘ od tortion of 
tion i) entropy change assuming n or ta 


al per mol 


¢ 4@ Null 
» 209 + 40 


+40 Null 


© tlectror 


Two mechanisms of oxdiation of zircontum 


rature the calculated eneryy of activation is 28,600 


film adhere to the urface up to a 
of 800 C where spontaneous ignition 


general, the specimens given a 


t Au utt ” ) rop' of distortion 
he Zt lattice; « b) entro} change f dist ' illy polished treatment reacted at a slower rate 


of the ZrO due to the formation of the vacancy and th en 
i 

other lattice defect Gulbransen and Andrew have rh 
it 

made these calculations in detail for NiO.” Appendix 


cla if 


than the abraded specimen 


al theory of oxidation and diffusion 1 
apphed to the data assuming two mechanisms of 


2 Ow Cl 0 \S wo pro 
2 shov the calculation of for the t A »btained with a mechanism based 


eaction 
of forming vacanci on the diffu 
») \S the entrop) of activation of diffusion ha 
been shown by Zener to take on po itive value for 
lattice diffusion. AS” may be evaluated theoreti 


cle 


cally However, the accuracy the expr 


ion of zirconium jons in cation vacan 


mental data does not warrant the calculation. We Appendix 1—Frequency of Vibration of O -O and 


judge a mechanism as a probable one if a small 


positive value is obtained for AS 


Correlation with Theory ‘Table I\ 
the experimental and calculated values for aevidhe 


bohe rate law constant the heat entre 


free energi of activation as evaluates ! 
theoretical rate exp! ion The rest oO Wo ment of © 
mechanisms are g le tempers 
525 to 750 C 

Table V summarizes the results of the 


on AS” and AS for the two processe 


ry the 
The 


criterion of a fit of the mechanism he chat 


for AS*, the cation diffusion 
agreement with the data. Thi 


ince previous work ha uggested 


Zr -Zr Bonds in ZrO 


ume that the atoms in ZrO. are acting 


mcillators and that Hooke law vovern 


the interaction It 1 nec il to assume that the 


i calculated frequen is characteristic of the move 


and Z1 ions in the lattes The 
jarmonic oscillator is u reasonable 
pend the great bulk of their time 
ite 

frequency is calculated from 


Debye temperature 


as the rate controlling mechanism re | foltzman’s constant and h is Planck's con 


The results at 200° to 525 C are difficeu 
pret on the basis of lattice diffusion 
values of AS* may be interpreted on 
diffusion at grain boundart or other 


45 which pives a value of 


ibrations per sec 


ing paths in the oxide, This has been discusses Appendix 2—Entropy of Vacancy Formation 


an earlier paper 


Cation Vacancies According to the model of Fig 


Summary |, the vacancies are formed by the defect equation 


The oxidation of zirconium has been studied 
the temperature range of 400° to 800 °C. The r) 
on abraded specimens can be fitted b to th | itive hole 

law. Howeve! 
pecimens can be itted 

rature dependence 
leads to an ene! 


mol between 200 
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ults on chemic: polished | ons, the 


(gq) ZrO ly Zr (x) 2 (y) 


fers to cation vacancy and (y) 1s a 
Since zirconium has only four valence 
positive hole mi be associated with 

°K is 22.94 cal pet 
he 20 in ZrO, is a 
if 22.94 or 15.30 cal per mol 
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T 
~ 
d 
A 
| 
| 
| 
t 
~ 
| 
React 
A Zirconium Diffusion At Metal Zr + Zr, 
4, 
} 
Vimar 
h ffusion At Metal Zr Zr 
Oxide - Gas Interface 0,(9) +2, 
hon Vo y Anion Vacancy 
tive Hole 
acters sti: 
me Ive he be 
result 1 urprisin “ 
to inte tant. For 
negative of 7.25 10° 
‘ aot 
( cu 
per and Above this ten imed to be 


Table IV. Parabolic 


Rate Law Constants, Entropies, Heats and Free Energies of Activation As Calculated by the 
Two Mechanisms in Abraded Specimens 


Temper 4 Cal per Mol 
ature ‘ per see (fal per Mol 


per “« Cal per Mol Cal per Mol 


Snion difflustor 


it 
fal per Mol 
per (al per Mal 


per “4 Cal per Mol Cal per Mol 


diffusion 


assume the entropy 

tron to be mall 

reaction above without 

(. Adding the entropy 

atom per C for the forma- 

union defect, assuming the value to be 
a cation defect, we have 1.9 cal 
reaction. Since three defects are in- 
change per g atom defect 


This calculation is very ap 


However, the entrop change ociated 


riicular mechanism 1 mall 


References 
Table V Summary of Oxidation Data 
Diffasion 


f ation Diflusten 
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‘ 8120 6,720 
ae 
temper 

ature 

‘ ‘ ‘ ‘ 950 

‘ ‘ a4 $4,510 
‘ “aa 15.660 
“a 

1} 7.65 cal pe ( associated 

ent ite col en it 373 K The entroy 
55 cal pe ( the above reaction the entro listortion 

chanwue cal pe ste ( chanve of 
5 total entroy change ij twe tion of an 

1) the entroy with it lattice d milar tot 

nd 2) the entroy chanve a ciated with for the abe 
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Prot Fatigue Study of an Aircraft Steel in The 
Ultra High Strength Range 


Fatigue properties were determined, using the Prot method, for a Ni-Cr-Mo-V steel 
AMS.6434) in the ultra high tensile strength range up to 280 ksi. A useful increase in 
fatigue strength of carefully ground specimens was found up to about 240 ksi tensile 
strength with an endurance ratio of from 0.40 to 0.42. Above this level the fatigue strength 
appeared to level off, or drop slightly. Comparison with the Wohler method showed worth 
while savings in specimens and test time through use of the Prot progressively increas 
ing load method. Some trend for failure stress to decrease as inclusion size increased 
was noted 


by P. W. Ramsey and D. P. Kedzie 


NCREASING demand for improved ren Prot Fatigue Testing Method ‘The determination 
| weight ratios made on aircraft structure li of the endurance limit | the conventional Wohlet 
resulted in a gradual increase in the tensile strength method can be time-consuming and eusily require 
requirements for steels used in such application ume When statistical variance is be 
As the cyclic loads often are more critical than stati tablished. This is also ti when endurance limit 
loads, and the fatigue propertie are generally the wre determined on % ual parts or subassem 
design criteria, the question arises as to whether an hy and the desirability au reliable accelerated 
improvement in fatigue properties accompanies the method has been evir Wo some time 
increased tensile strength The primary advanti the Prot method of 

The present investigation was undertaken to dete: ue testing | it ing the number of speci 
mine the relationship between fatigue and tensile mens and th me requil nv each test. Unlike 
properties for an aircraft quality steel in the 155 to the Wohler m M Ver rot specimen tested con 
280 ksi (1000 psi) tensile strength range, using the 
Prot method of fatigue testing 
Table | Summary of Prot Endurance Limit Data for AMS 6434 Steel 


Procedure and Results 
Vrot Pndurance 
After preliminary work to establish proper heat Limit, Kad Corre 
lation 
Tensile No of Pet slope 
electric furnace teel (a Ni-Cr-Mo-V steel AMS- Strength, Speci Median ( ontidence Kei clent 
Kel men Value Nange Natio 


treating procedures for this heat of aircraft quality 


6434), about 100 flexure atipue pecimen were 
prepared at tensile strength levels of 155, 180, 195 
220 240 260 and 260 Ks 
The specimens were tester at thei 
resonant frequency, | 
tion exciter. Prot prog: 
1 Ww ade of ; 
Ug made f all ; of the endurance limit 
ar a ohnier conventional > Wi ene 
made of the 195 ks: level P 
‘ ned mens with only ha 
In addition, tensile and the total cwel 


‘ well microstructure and inclusion di 


endurance 


P W. RAMSEY, Member AIME, and D P KEDZIE. Junior Mem t A oposed in 1946 Maree] Prot and 
ber AIME, are with the Metallurgical Research Dept, A O Smith Co of progre el ini yell tre un 
Corp, Milwaukee, Wisc e f ire ¢ j aryvin he load rate 

TP 4395E Manuscript, Apr 16, 1956 Cleveland Meeting, Octo » useful lation 7 four 7 with failure 


ber 1956 that for failus appears to 
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‘ 
‘ i ‘ ‘ pet 
‘ 060 to O80 t Vi‘ 105 te pet Ni, 0.65 t ow 
to 6.40 pet M 7 to 0.23 pet V 20 to 0.35 pet 0.04 ct ' 7 “a 0 52 ‘ one 
mum P, and 0.040 pet maximum § 180 80.0 to 1007 0 072 


! comen blank layout for three 9/16 « 15 1/16 « 


of AMS 6434 steel 


« 


Fig 


66 in plate 


Fig. 2—-Mechanical 
properties of AMS 
6434 vs tempering 


temperature 


function 

the ordinate 
endut 
dered thre 


te 
i 


loudin 
dition 


ite 


ial 


rial 
endut 


tt 


method ha 


vhich do not how vell-detined endurane 


th 


t room temperature well a ferro 


t} 


linn 


att afl 


wate 


funetior 


rricate 
thre 
cated 
metal 

Material 


teel, 9/716 


ti 


itiet 
the 

] 


covered 


tior compo 


plate followin 


l 
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C, 0.60 to 0.65 pet Mn, 0.28 to 0.29 pet Si, 


0.79 to 0.80 pet ¢ 0.42 to 0.43 
pet V, 0.011 to 0.012 pet P, and 


1.63 pet Ni 


0.20 to 0.23 


Mo 


0.019 pet 


pet 

ot 
hown in Fig 


ement and identification pecimen 

The 
the 
ible edge 
igned to ten- 


heat 


plates are l 


ile specimen confined to 


were 


of each plate to avoid po 


material 
thie 


a a 


preliminary treating 
the 
not 


the 


program, the 140 ksi tensile 
tested in fatigue, although 
tensile test 


ying out i 


Wa 


included in 


Heat Treatment and Properties —— Preliminary test 
pert to the heat treating charac- 
heat of AMS-6434 steel 

AC9X6487) consisted of 
F, oil quenching, tem- 
quenching 
from 400 to 
heat treating, 
having a 2 in 
in. thicknes 
were ground 
to 


ormed determine 

particular 

rp. Heat 
hr at 


temperature 


NWO 


1650 
ut 

temperature 

in 100° increment 
ASTM flat tensil 
width, and 

ed 


dimen 


hi 
ring 


and wate! 
ranpe d 


After 
pecimen 


1200 

‘ ‘ 
length 


pt 


ial 


iti 
The 
nm 
ized 
thi vey 
pecified for 
remaining 

hr at 
before, 

ot 


ten 
alte! 


layer 


ile specimen 
heat treatment 


(pal 


remove 


decarbut 


heat 
the de 


treating 
ired tensile strength 
pecimen blank first 
1650 F. cooled, and then 
ing predetermined temper- 

500 675 1000, 

Tensile specimen blank 
along with each group of fatigue 
that tensile properties as well 
could be checked. The results of 
tests for both the prelimi- 
treatment 


Followin 
then 

The 

rmalhized 


tre 


i procedures 
were 


alt 
ited al u 
390 


temper: 775 


220 and 
treated 
blank 
value 
and hardne 
heat 
hown in Fig 
0 


} 


cimen 
hardne 
ile 


and 


eries have been com- 
Yield strength values 
et from strain 


a final 


off 


ined and are 


determined at 2 pet paye 


iti 
Pos 


mounted 


ing strain 
longitudinally 
having 195 k tensile 
CD were used for the 
determination, and A-7 gages for the stati 
The 0.303 under dynamic 
and 0.293 te 
thi 
ty 


I 


on ratio measured, u 


wa 
ely 

(K 

sJaldwin 


Rage 


t a fa- 


on 
l 


and 
103) 


I 
pecimen 
th 


ri ‘ 


determination ratio wa 


benadit ion 


With 


mount d 


page could be 
pecimen and it 

In this way 
be ured 


information, a train 


vel fatigue 


train 


an ely ona 
output converted to longitudinal 
high longs 


Vithout fatigue 


tre could 


the 


very ‘tudinal ( mea 


train 
Fatigue Specimen Preparation The 
were flat bar 0.250 
with radius of 1/32 in. on the 
In machining the blanks, 
material removed from each 
of the final To remove 
an equal amount of material 
ide of the fatigue 


failure 


fa- 
x 1.000 


flexure 
)001 


ue 
0.00] 


pecimen 


in a 


itudinal 


dy 
eq ial amount 
within 0.050 


decarburiz 


‘ ‘ rough 


of 


ul 
che 


to in 


‘ ation 
from each 
nt, using light pa 
‘ on the 
the Profilomete: specifi- 
in. RMS (maximum), measured per- 

the grinding marks. All grinding 
arallel to the length of the specimens 


round 
at 


pecimens 
and a cool- 
of 0 002 in 


roughne 


treatm 
final pa 
attain 


were orde! 


pf 


to 


pendiculat 
mark 
In 


tre 


due 
Was 


failure 
ting, 


ordet minimize to clamping 


es during fatigue te it found neces- 
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4 ] 7) te 
test 
f 
| ; + 4 In cari | 
at 
mec 
y we 
ne 
heat 
° 1150 I 
‘ 
Were 
| pe 
4 | a 
! 
“| | ‘i 
| 
a 
MPERING TEMPERATURE 
vy be al of I ext ipolatu thi 
phe . line t value of failure tre called 
rit obtained. This can also 
ine tre for at nfinmitely 
corresponds to Wohler test cor 
i 
= 
_oe later report Prot ind 
i 
hot olled AMS-64 
were used for this ir 
sition of these 


ary to shot peen the ends of the specimen The 


center 14» in. of each specimen was masked off and 
the peening done with nominal 0.007 in. heat treated 
tee] shot (SAE Shot No. 70) to produce an are 
height of 0.004 to 0.006 in. on a peening intensity 
test strip (SAE designation: 0.004 to 0.006A) 

Fatigue Testing done with an elec- 
tromagnetic vibration exciter at the resonant fre- 
The exciter is powered by 
a motor-generator set upplies alternating 
current of controllable frequency (5 to 500 cps) to 
the driver coil, causing it to move in a magnetic 
field. The driver coil is attached to a movable table 
which in turn transmits motion to the test fixture 
Both displacement and frequency of the movable 
table can be controlled. The exciter is designed to 
withstand 50 times the force of gravity and has a 
rated force output of 200 lb. Maximum peak to peak 
displacement is 1.0 in 

A typical test setup 1 The speci- 
men is shown under vibration added 
which permit an increase in outer fiber stress. The 
weights were only necessary for the Prot tests and 
were not used for the Wohler tests. A filar microm 
used to observe specimen dis- 


Testing wa 
quency of the specimen 
which 


hown in Fig. 3 
with weight 


eter microscope Wa 
placement, a velocity pickup to measure the dis- 
acceleration of the exciter, and a 
special calibration 
train 


placement 
Baldwin CD-7 strain gage on 
specimens to determine maximum strain. The 
gage signal was fed into a bridge-amplifier circuit, 
and then displayed on an electronic voltmeter and 
cathode ray oscillograph. The dynamic strain gage 
ignal was then measured by means of a calibrated 


Fig. 3—MB electromagnetic vibration exciter with flat fatique 
A, specimen (blurred because of mo 
tion), B, velocity pickup, attached to exciter table; C, filar 
micrometer microscope, and D, inductive pickup, automatic 
frequency controller 


specimen under test 
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Me 
] 
| 
curves for fatigue | 
specimen No. K-40 
with CD-7 type | 
strain gage, mounted | 4 
transversely 
t | 
|Z 
aro 
> ' amt 
. | 
Fig. 5—Prot fatigue 
data on AMS-6434 
steel of various 
tensile strengths 2 | 
J 
“ 
‘ 
2 
ance limit vs TENSILE THENGTH 
strength and hard 
ness of AMS-6434 
steel 
“t 
ROCK WE 


potentiometer in the bridge-amplifier circuit using 
a chop line on the oscillograph 

Calibration tests 
that velocity pickup 
maximum specimen 
fatigue tests, the velocity pickup 


were run over a stre range 0 


ignals could be correlated to 


train or displacement. During 
ignal was used 
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« tests were conducted 
level Wohler test 
authors’ discontinuou 
gives the same linear 
continuous loading method 
tensile strength were ana- 
Fig 7—S.N curve 
for AMS 6434 steel 
ot 195 ksi tensile 
strength 


rammed calculator, to de- 
as determined by the 


nethod. Specimens which failed out- 


booth Were plotted, but not 
calculation 
for even tensile 
in Fig. 5. A summary 
the extrapolated average Prot 
function of tensile strength, 
at higher tensile strength 
Fig 8— Macro 10 useful increase in fatigue 
graph of typical e) al ly ground specimens is realized 
fracture of AMS sibove nsi level. The 
6434 fatigue 
specimen No 
K 32, with o ten 
sile strength of 
55 ksi. which | atistical nature of fatigue propertie 
failed at 90 ksi r" I i r in the data and Table I shows 
1 2x10" cycles | onfidence limit for the extrapolated 
Prot testing rate F limit, the correlation coefficient’ 
was 004 psi per 
cycle Unetched 
specimen. X2 


trend shown appears 
eneral conclusion of other 
ru high tensile trength 


rtinent information. The confidence 
e that can be expected to in- 
quares method) 
The limits are actually curve 
wider at the extrapolated value 
an in the test range 
Prot endurance limits with speci- 
men hardne averaged from four readings, meas- 
ived in the polished test section but away from the 
hown in Fig. 6. Again the 
au leveling off above a hardness 
Re 47 
inomalous fatigue behavior of the 195 ksi 
th group ts difficult to explain. At this 
level a drop in fatigue strength occurred 
icture gave no clue as to the reason for thi 
ilthough the tempering curve, Fig. 2, 
utes that the 195 ksi group was tempered in 
1000 F region. where so-called secondary hard- 
gq oceul n age-hardening process asso- 
vith vw nucleation and growth of alloy car 
o possible that thi drop is a ociated 
brittlens phenomenon More work 
to determine if this is indeed an 
region with regard to the 


endurance limits with conven- 
uming Wohler tests, 20 speci- 
ile strength were tested at con- 
between 65 and 100 ksi until fail- 
il at least eight million cycle: 
are plotted as an S-N curve 
a minimum endurance limit of 
found. Some run-outs, however, 
as high as 80 ksi. The data agree 
with those from the Prot test 
an endurance limit of about 75 
ment 
trength level speci- 
plane polarized lght to 
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- or 
. 
4 
ect erse 
eonmtrollia md monitoriu typical calibra 
hion curve how nl 41, demonstrate 
caulil ition constant wore ther te 
eluate sy men stre to piekuy rit \ furthe 
cheat ition il rier moment wa race 
vith the onieromete microscope on nad dual 
4 prec prior to fat test 
control of str leove iltthouvh the test fixture wa 
constant tye Wahl the « eit 
rier che oul tie ‘ a ittuined b 
4 rene the powe nput to the ad ‘ coil mat 
! the tre ‘ el 
4, 
here jae Vil bye esonunce of at 
elationship betweer mecimmen dist moment and 
al voltawe (displacement) The phase angle 
Vil vl ted with manual cont md then n ! 
tained automatically | the controll which it 
creased or decreased the frequen is nece 
iv rhe test was monitored continu nd at the first 
ndication of ad | mn natura frequen 
counter, the powe was turned off 
fracture had progressed ve 
testi time by the averaue 
no furilure occurred in ¢ hit 
Nil fiscontinued and the 
have run out 
Prot testi thr 
tre \t predetermined ¢ 
ined that rite al 
per cyels were obtained in a 
were 200, 50 and 2 


Specimen No. K-49, with a tensile strength of 225 ksi; inclu 
sion size, 25 mil. X50 Reduced approximately 15 pct for 
reproduction 


Fig. 9—Typical nonmetallic inclusions found on fracture surfaces of AMS.6434 fatigue specimens 


polarized light 


determine the origin of fracture and the relationship 
between inclusion 

Practically without exception, failure was 
to have tarted at 
urface of the specimen. Radial lines on the fracture 
centered at the point of origin. A macro- 
graph of a typical fracture 1 hown in Fig. 8. In 
ome of the higher tensile strength where 
the radial lines defined an area rather than a 


ize and failure stre 

found 
nonmetallic inclusions on. the 
urface 


pecimen 
ingle 
ource, the largest inclusion occurring in the area 
was measured 

found on the unetched fracture 
hown in Fig. 9, were essentially spheri 
which ts typical of alumina-type inclu 
malleable at steel rolling temperature 
The fracture were examined at X50, and 
with plane polarized light to increase 
the contrast between parent 


The inclusion 
urface u 
cal in hape 
not 
urtace 
photographed 
tock and inclusion 
An inclusion rating was also made of 
K-191 from Plate 3, see Fig. 1, on an unetched pol 
hed section cut parallel to the rolling plane. The 
rating was 0-0-C, according to ASTM practice E45, 
with sulfide stringer 
these were not a 
alumina type 
As the specimen 
ing rate the data 
and an analysi ol 


diff 


pecimen 


predominating. Apparently 


dumaying to the fatigue propertie 
had been te 


Wore 


load 
manner, 


ted at variou 
grouped in that 
made. To 


ariance eliminate 


rence due to tempering treatment, the median 
trength was picked for each tensile 
hown in Table II o the data 


tudy 


froup, a 
could be combined for variance 
Inclusion size was averaged in the case of elliptical 
root of the product ol 


he length and thickne The correlation coefficient 


hupe y taking the quare 


then determined for equival nt inclusion diam 


deviation from median failure stre A plot 


e variable r the three loading rat I 
10. T lire best fit were dete 

the least In addition 

tion coefficient was determined for 

For the 0.01 and 


relation wa 


quares method 
each 
0.09 psi per cycle 
found, but for 
complete randomne 


pe roup 


concluded that there seems t 


tre to decrease as the 


Specimen No. K 184, with a tensile strength of 280 ksi; in 
clusion size, 1.2 mil. X50. Reduced approximately 20 pet tor 


reproduction 


Micrographs taken with plane 


ion size increased, but this tendency can ca be 
obscured by other variable 

This trend is in agreement with the work of Ran 
om, in which the endurance limit of at 


inclusion-free, vacuum-melted forging of SAE 434! 


transverse 


Inclusion Size Vs Prot Failure Stress for AMS-6434 Stee 
at Various Tensile Strength Levels 


Table 


Deviation 

from 
loading Median Inclusion Size, 10 
speel Kate batlure 
men Psi per Stress Stress 


No K yele Kasi Kei 


Length ness 


155 Kai Tensile Strength 


140 Kal Tensile Strength 
ool 
87 
004 100.0 
O04 
O04 1020 
009 102 0 
009 104.0 
42 1100 
Kal Tensile Strength 
920 


100.0 


2 0.09 
Kal Tensile Strength 
#1 10 
1020 


teel was found ugh th iat ob 


tuined from commercial SAE 4340 steel forging It 


wus concluded that nonmetallic inclusions were the 


major source fatigue weakne in many forged 


machine element Epremian and Mehl show also 
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roups, ma 
the 0.04 psi 
ndicated. It was 
be a trend for falure - 
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the surface or onl lightly 


Conclusions 


the 240 ksi tensile 


040 to 042 Above this tensile 
trength appears to level off 

2) Almost every fatigue 
metallic inclusion, pomnting up 
clounline of microstructure 


into a uitable 


en, diffused 
‘ ipitatl oof 


TP 4407E May 22 


February 1957 


Manuscript 


| NTERNAL oxidation’ ts a proce 


ubsurface 


1) Phere useful increase in 
of carefully round specimens of 
company higher tensile strength 


level with an endurance 
trength the 
or even drop 


the 


in fatipue 


fativue 
AMS-6434 


importance 


ae 
ow 
4 
. Fig. 10—Inclusion 
size vs failure stress 
for AMS 6434 Prot 
. fatigue specimens at 
various loading rates 
| 
‘ 
‘ ? 
that “two SAF 4340 heats of identical chemical com 
position but with different inclusion ratings have 
correspondingly different dispersion fatigue life 
larve variability being associated with high inclu 
on itin Further confirmation found in 
tulen comment that “in carefully prepared speci 
rier the orivin of failure almost alway ut 
microscopic non-metallic inclusion which ts open to 


lightly 


failure initiated at a non 
of 


application 


trength 


tee] 
up to about 
ratio of 


futipue 


Some trend for failure stre to decrease as inclu- 
ion size increased was noted 

3) The Prot method appears to be a useful fatigue 
testing technique for high strength aircraft steels, 
and correlated well with the Wohler method at the 
195 ksi tensile strength level 3y means of Prot 
testing, endurance limits were determined with half 
the specimens and a fourth of the test cycles re- 


quired with the Wohler method 
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alloy 


the 


Effect of Dissolved Oxygen on the Grain Size Of 
Annealed Pure Copper and Cu-Al Alloys 


The grain growth restraint which occurs far in advance of the aluminum oxide front 
during the internal oxidation of Cu-Al alloys is shown to be a result of oxygen in solid 
solution. Studies show that oxygen in solid solution in pure copper restrains grain growth. 


which oxy- 


Cuust pre 


D tL WOOD is with the Metallurgy & Ceramics Research Dept 
Research Laboratory, General Electric Co, Schenectady 
1956. New Orleans Meeting, 


by D. L. Wood 


oxidation 


front inward. During an investigation of 


internal oxidation now In progress it wa 
mall in thin 


move 
observed 
relatively 


pecimens that have been internally oxidized in the 


as-rolled condition. This may be due to the restraint 


of grain growth by the precipitated oxide particle 
observed also that the grain size in 


oxidized 


It wa inoxl- 


dized portions of partially 


pecimen Wa 
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‘ 
\ 
h i 
hy 
ind Structure Patt Vie Institute, N io. 00-2 34, 
1954 
hing 
¢ 
‘ 
it 
| 
‘id 
> 
en! 


omewhat smaller than the grain size In specimen 
viven identical thermal treatment in the absence ol 
ygen. The hown in Fig. 1 are those 
resulting from a 1 hr anneal at 1000 C of coppe! 
0.84 wt pet Al cold rolled 92 pet to 0.040 in. The 


hown in Fig. la wa 


tructure 


annealed in argon 1n 
That 
annealed in an air tight copper tube 


ample 
a quartz tube containing titanium chip hown 
in Fig. lb wa 
containing a mixture of cuprous oxide and coppe! 
to supply oxygen at a partial pressure equal to the 
decomposition pressure of cuprous oxide, The darket 
zone how the extent of internal oxidation, The 
inner portion, in which no aluminum oxide has yet 
been formed, is finer grained than the 
Fig. la, which ha 
in the absence of oxygen 

A possible cause of this grain yrowth restraint could 
be the precipitated oxides of some impurity ¢ lement 
in the Cu-Al alloy. The growth restraint occurs far in 


advance of the aluminum oxide front. If precip! 


pecimen 


indergone similar annealing, but 


tation on an impurity oxide is responsible, thi oxide 
must form at a lower oxygen concentration than 
Barring tremendous ditfer- 
this oxide must 


does aluminum oxide 
ences in nucleation requirement 
table than aluminum oxide 
tabilities of aluminum 


then be more In orde 
to determine the relative 
oxide and the hypothesized grain growth retarding 
were annealed in argon with 


particle pecimen 


titanium chips after partial internal oxidation, Fig 
2 shows that the grain size in the aluminum oxide 
region remained unaltered, while the grain growth 
restraint wa Therefore, the 
central region must not contain oxide particles even 
a table a 
inhibition cannot be attributed to oxide 


removed in the cente 


aluminum oxide, and the grain growth 
particle 
The formation of aluminum oxide at the oxida 
tion front does not reduce the concentration of di 
olved oxygen to zero but only to some minimum 
concentration that is necessary for the oxidation re 
If the grain growth restraint ts due 
olved oxygen ahead of the oxidation front 


hould also be evident in pure 


action to occul 
to di 
then a similar effect 
coppel 

To investigate this po 
OFHC copper wa cold rolled 92 pet to 0.040 in and 
annealed at 1000°C in argon with titanium chips o1 
in a cuprou The grain sizes re 
ulting after various times are shown In Fig. 3. After 
in the two differently treated 


ibility vacuum remelted 


oxide-copper pack 


> min the grain size 


Fig. 3—Pure copper rolled 92 
pct to 0.040 in and annealed 
for various times at 1000°C in 
TOP ROW, cuprous oxide-cop 
per pack; and BOTTOM ROW, 
argon with titanium LEFT, 5 
min, CENTER, 15 min; and 
RIGHT, 30 min X100. Re 
duced approximately 30 pct for 
reproduction 
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pecimens 1 imilar. but at longer annealing time 


the difference chemical 


becomes appreciable Phe 
analysis of copper annealed for 60 min in argon at 
00009 * 


1000 C in the presence of titanium gave 


0.0003 pet O; copper annealed for 30 min in the cup 


VV 
a 
Fig. 1—Cu 0.84 pct Al annealed 1 he at 1000°C in a) argon 


with titanium chips, and b) a cuprous oxide copper pack 
X50. Reduced approximately 15 pct for reproduction 


J , 


/ 


¢ 


a b c 


Fig. 2—Cu 0.84 pet Al rolled 92 pct to 0.040 in. and then a) 
annealed in a cuprous oxide copper pack tor 20 min at 
1000°C, b) treated as in 20, plus 10 min at 1000°C in 
argon with titanium, and c) ann aled in a cuprous oxide 
copper pack for 30 min at 1000°C 


plated. X100. Reduced approximate ly 30 pet for reproduction 


Specimens were nickel 
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contained 0.0108 * 0.0009 


peucr 


moval of the from specimens ini- 


annealed in cuprous oxide-copper packs can 


mcomplished by a ubsequent anneal in argon 


Vith titanium. Such removal of oxygen allows grain 


presume in a normal manner, a hown in 
Summary 

nternal oxidation of Cu-Al alloys there 

vrain prowth restraint far ahead of the internal 

Relative stabilities of this re 


and aluminum oxide have hown that the re 


traint 
traint 


oxidation ftront 


is not due to the precipitated oxides of an impurity 


Fig. 4—Pure copper, 92 pct 
deformation, annealed at 
1000°C for a) | hr in cuprous 
oxide-copper pack, b) same as 
4a plus | hr in argon with 
titanium, and c) 2 hr in cu 
prous oxide-copper pack. X100 
Reduced approximately 35 pct 
for reproduction 


element. The grain growth restraint in partially 
internally oxidized removed by anneal- 
ing at lower oxygen pressure. Studie 
per indicate that the grain growth restraint 1 
olid solution 


pecimens 1 

of pure cop- 

due to 

oxypen in 
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Some Properties of Certain High-Conductivity 
Copper-Base Alloys 


by Webster Hodge 


‘MALL generators and required to 


ome crithe al application 


motor are 
operate, in at temper- 
ilver-bearing copper re- 
up to 30 Ag per 

to build the high- 
With fail 


ilver-beat 


ature where cold-worked 
erystallize 


been used for many year 


Coppe r containing 
ton ha 


est grades of commutators and slip ring 


ire of commutators impending because 
ing copper cannot withstand the stresses imposed at 
tried a u 

Cr-Cu 
because a critical heat 
ufficient ductility 


hown to be low at 


these higher 
tibbstitute 
proved difficult to fabricate 


temperature Cr-Cu wa 
with varying degrees of succe 
ary to obtain 
trength wa 
electrical conductivity 


treatment was nece 


it rupture 


operating temperature it 
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lower than desired, and its cost high. Furthermore, 
it often contained hidden flaws 

The Nippert Electric Products Co. set out to find 
a better material by undertaking a research project 
with the stated objective of providing a material 
uitable for commutators that would have 1) a soft- 
ening temperature above 750° F (400°C), 2) a mini- 
mum electrical conductivity of 90 pet of that of pure 
copper, 3) a strength not le that that of cold- 
ilver-bearing copper, and 4) a material 
the cost of copper contain- 
No commercial alloy met 
was found that 


worked 
cost of not over 1.5 time 

ing 25 to 30 oz Ag per ton 
these specification However, it 
copper containing from 0.18 to 0.35 pet Zr could be 
produced quite easily in the laboratory, and prom- 
ised to fulfill the major requirements noted above 
Interest naturally centered in the lower part of thi 
omewhat 


mve 


composition range, since such alloy 
better electrical conductivities, and were lower in 


TRANSACTIONS AIME 


> v 
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a b c 

Che 
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: 
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materials cost. Later, a 0.25 pet Zr alloy was made 
commercially 

This paper describes and compares some prop- 
erties of Zr-Cu, important to commutator manufac- 
ture, with similar properties of silver-bearing coppe! 
and of Cr-Cu 


trical 


Specifically, these properties are elec- 
temperature upon 
s, tensile propertie 
at room and elevated temperature, and stress-rup- 
ture properties on notched and unnotched specimens 
and on specimens representing the longitudinal and 
transverse direction to rolling during fabrication 


conductivity oftening 


long-term exposure, hot hardnes 


Materials 


The approximate compositions of the three ¢om- 
mercial alloys used are shown in Table Il. The vari- 
ation from the shown in Table I for the 
commercial Zr-Cu was +0.02 pet 

All specimens not otherwise described were cut 
parallel to the rolling direction. The Zr-Cu 
mens were obtained from a standard wire bar rolled 
in a commercial mill. The material had been cast 
oxygen-free copper with zirconium added 
Specimens taken in the transverse to rolling direc- 
tion of Zr-Cu and of 
tained from a wire bar of each material that had 
been rolled lengthwise to form flat plate 
Transverse 
from an 8-in.-wide flat plate 


analysi 


peci- 


from 
ilver-bearing copper were ob- 


about 5 


in. wide specimens of Cr-Cu were cut 
upplied by the 


ource as the Cr-Cu 


ame 
wire bar from 
which the longitudinal were taken. Spec- 
trographic analysis of Cr-Cu_ alloy 
howed that they were practically identical in com- 
Some of the properties of Zr-Cu were 
determined on alloys cast and rolled in the labora- 
tory. Wherever material 


commercial 
pecimen 
these two 


position 


produced in the labora- 
tory were used, the actual analysis is shown to di 
tinguish these results from those obtained on the 


material from a commercial source 


Softening Temperature and Electrical Conductivity 


showed that the addition to coppe: 
than 0.12 pet had little 
oftening temperature, while large 
addition oftening temperature of the 
alloy, cold rolled to 50 pet reduction, to rise rapidly 
from about 570°F (300°C) with 0.12 pet Zr to 
930 F (500°C) with 0.18 pet Zr. These determina- 
exposure to tempera- 
of zirconium produced 
hort-time softening 


Experiment 
of zirconium in amounts less 
effect on the 
caused the 


tions were made afte 
ture. Still larger addition 
only a minor increase in the 
temperature. The room-temperature hardness of 
Zr-Cu and of after limited 
exposure to elevated temperatures, is shown in Fig 
1. It is apparent that the softening temperature 1 
markedly higher for the Zr-Cu even though the test- 
ing conditions were different for the two alloys. The 
oftening temperature of nominal 0.35 pet Cr-Cu 
cold rolled and aged to Re 82, was found to be 
lightly above 930°F (500°C) after a 30 min ex- 
posure to temperature. The softening temperature 
of the 0.8 pet Cr-Cu alloy is believed to be about the 
ame 

Ave-hardening treatments had a slight effect on 
the mechanical properties of Zr-Cu alloys with from 
0.20 to 0.27 pet Zr that were produced in the labora- 
tory. Solution-annealing temperature, however, did 
have an effect on the ability of the cold-rolled alloy 
to resist continued exposure to elevated temperature 
Fig. 2 shows the hardne 
of the nominal 0.25 pet Zr alloy 


ilver-bearing copper 


and electrical conductivity 
cold rolled 60 pet 
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Fig. 1—Softening 
temperature of 
silver-bearing cop 
per and Zr-Cu alloys 
The silver-bearing 
copper was annealed 
for '2 hr at 850°F 
(455°C), cold rolled 
to RB 62, and held 
1 hr at temperature 
shown. The Zr-Cu 
was annealed for 
hr at 1700°F 
(925°C), water 
quenched, cold 
rolled, and aged 10 
min at 750°F 
(400°C). Final hard 
ness, Re 66 


Fig. 2—Hardness 
and electrical con 
ductivity of nominal 
0.25 pct Zr-Cu solu 
tion annealed at 
temperatures shown, 
then cold rolled 60 
pet 


2 hr at 800° F (425°C) after solution 


These data show 


and aged for 
annealing at various temperature 
that the zirconium alloy that had been solution an 
1500 F (815 C) be 
ofter upon aging at 800 F (425 C) for short 
period The electrical conductivity of the alloy 
olution annealed, but not aged, decreased with tn- 


nealed at temperatures below 


came 


creasing solution temperature above 1300 F (705°C) 
The decrease in conductivity indicates that more zit 


Table || Composition of Commercial Alloys 


Alloy Type Nominal Content 


O25 Wt Pet 
Oa WtPet Cr 
25 to 40 OF Ag per Ton* 


* Longitud al or Ag per ton, b analysl 


conium entered into solid solution as the annealing 
When the alloy, after solu 
tion annealing at temperatures from 1300°F (705°C) 
to 1500 F (815 C) wa reheated to 800 °F 
(425°C) for 2 hr, the electrical conductivity wa 
again high. This gain in conductivity 1 
notable effect that can be obtained by aging treat 


temperature increased 
howeve! 
the most 


ment 

The electrical conductivity measurement hown 
in Fig. 2 were made on wire specimens that unde 
went the same percentage reductions by drawing 
that the hardne pecimen 
Microhardnesses of the strip and wire 
Wire and strip were heat treated together 
Precision measurements on 
the somewhat higher electrical conductivity values 
noted in Table I 

The temperature coefficient of resistivity, a, of a 


0.21 pet Zr alloy wire, solution annealed at 1700°F 


underwent by rolling 
were almost 
identical 
rolled strip produced 
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van bearing coppe 
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Fig 3 Microstructure of 021 pet Zr Cu alloy solution an 
nealed 45 min at 1700°F (925°C Etchant potassium di 
chromate. X500 Reduced approximately 30 pet for repro 


duction 


(920 ©) Ie > min, cold drawn to 50 pet reduction 
mid edatawi0 F (410 ©) for 30 min in a salt bath 

is over the ive from 432 to 
) 


vith O21 and O52 pet Zt that were re 


heated M0 hr at 750 F (400 after solution 
F (925 CC), increased in hardne 
from 98 to LOO Ry ind trom 96 to 101 RF, respec 
‘ ite il | mid (the alloy 
ed for 10 min at 770 F (410 C) before 
th test wa ted) Allo vith le than 0.18 pet 
ftened after exposures of |e than 100 hr at 
(400 
hte tance of the Zr-Cu alloy to softening during 
tis exposure to ele ted temperature re 
j ‘ temperature of at least 
on hte tance to softenin probabiy mcrease 
hit the thre mount of zirconium taken into 
hid ! When the 0.21 pet Zr-Cu wa olution 
nnealed at 1700 F (925 fe min ome Zit 
con i en ed out of solutpon eo With all 
thre ‘ min solution, the properties of this alloy 
yore mort mpreciat iltered Thi contirmed the 
bree ! mentioned that ibove a certain 
i ‘ of hive little 


of the 


to ele 


ed int hardne measurement 
ind cool 
Coppel Wa 


lehtly over 


howed no perma 
‘ rn characte th ifter heating 


noo of howead the hivhest hardne ut 


Tensile Properties 


thie i tensile propertie of the 


it B50 F (405 C) The ¢ Cu wa annealed at 
B30 F C1000 C) fk 15 min, cold rolled to about 
Re 70 nd ed at 830 F (445 C) for 16 hr. The 
, Cu wv nne ed at 13007) (705 C) for ibout 
min, cold rolled to about Re 65, and aged at 800°F 
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alloys studied 


(425 C) for 1 hi After identical treatment, the 
final hardne of the longitudinal and transverse Cr- 
Cu specimens was RB 82 and RB 7 


6, respectively 


Similarly, the hardne of the longitudinal and 
transverse Zr-Cu specimens was Rp 64 and Res 66 
respectively These differences in the hardne 

value of similar materials after identical heat 


treatments may have been caused by slight differ- 
ences in composition, since the longitudinal and 
transverse specimens originated in separate melt 
Table III also shows room-temperature properties of 
Zr-Cu prepared in the same way, except that aging 
preceded cold rolling. The final hardne of these 
pecimens was Re 68 

The tests on silver-bearing copper indicated little 
anisotropy at 550 F, although there was lower duc- 
tility in the specimens taken in the direction trans- 
verse to rolling. Cr-Cu, on the other hand, showed 
a considerable decrease in strength and elongation in 
pecimens taken in the transverse to rolling direction 
as compared with those taken in the longitudinal 
direction. Ductility of this alloy, measured in either 


direction, was markedly lower when the tempera- 
ture was increased to 550°F. Specimens of Zr-Cu 
taken in the transverse direction were slightly 
tronger than those in the longitudinal direction 
The ductility was about the same in each direction 
The lo in ductility upon heating to 550°F wa 
much less than for the Cr-Cu 


Stress-Rupture Data 
A commutator segment is subjected to severe com- 
pressional stresses in the parallel to rolling direc- 
tion These tresses are exerted by the locking 
mechanism. The segments are notched at each end 
and, in service, centrifugal stresses are set up acro 
the notches (i.e., in the transverse to rolling direc- 
tion). These centrifugal forces are relatively small 
but the stress they develop is augmented by the com 
pression forces that develop in the lengthwise direc 
tion in the segment as a re sult of thermal expansion 
as the commutator temperature rise 
On the test stand when the generators were 
ubjected to unusually high temperatures over ex 
tended periods, commutators of silver-bearing cop- 
per failed by deformation and displacement. The 
alloy had softened permanently. Under similar con 
dition ome segments of Cr-Cu failed by cracking 
All of the cracks originated at the root of the locking 


Fig. 4—Hot hardness 

of the three differ : 

ent copper base 


TRANSACTIONS AIME 


f 
; 
4 
a 
te 
etlect on olfening temperature 
shows the change in hot hardne 
three types of all hort exposures =! 
n 
4 nent cha 
oO F (288 C) and above 
3 
three types of allo tuched, both at room tempera- . 
ture and at 550 F (288 C) The silve bearing cop 
both strip (lor tudinal) and plate (transverse) 
¥ 
‘ 


Fig. 5—Stress-rupture strength of the silver-bearing copper 
tested in the notched and unnotched conditions at 550°F 
(288°C) 


appeared to be tensile failure 
on the 


crack 
Zr-Cu in commutators 
fail either by displacement or by 


notch. The 
Segments of 
hand did not 


cracking 

This service behavior of the three alloy 
explained readily by results of short-time tensile 
tests at the maximum operating temperature. How- 
tress-rupture tests at 550°F (288 C) of 
loaded in the transverse to rolling 
understand- 


cannot be 


ever, 


notched specimen 


observed behavior 
the results of stre 
bearing copper in 


direction make the 
able. Fig. 5 show 
at 550 F on specimens of 


-rupture test 


ilver 


Table Il. Electrical Resistivity and Conductivity of Zr-Cu and 
Cr-Cu at 68°F (20°C) 
sample Number 2+ ig 
I t or Cr 1 7 1 82 1 #0 1.79 2 07 
( ju t Pet IACS 96.9 947 95.4 a3 
yin. thick olution annealed at 1300°F 705"¢ for 
‘ wate quenched, Ker yf 
Zr-Cu- 0.259 thick olutior innealed at 1300°F 705°C for 
( waste yuenched, aged 1 hr at 800°F (425° cold rolled to 
I 0.09 th 
Zr-Cu-0.259 in. t olutie innealed at 1300°F (705°¢ for 
a ' wate quenched, « d rolled to Re 66, 0.126 in. thick aged 
a25°¢ Ke 64 
Z Cu 0.959 ' thick ‘ itior annealed at 1300°F 705°C fo 
‘ jue hed ged it BOO°F (425°C Rr 58 
Cu 0.259 in. thick olution annealed at 18430°F 1000°¢ for 
ter quenched, cold rolled at Ke 68, 0.096 in. thick; aged 


notched and unnotched conditions loaded 
either parallel or transversely to the rolling direc 

Sharp changes in direction in three of the 
curves after about 25 hr and in the fourth curve 
after 70 hr are belheved to mark the beginning of re- 
crystallization and permanent softening. After 150 
hr, the hardness at room temperature of three of the 
had dropped from Re 61 to about Re 17 
which was un- 


both the 


tion 


pecimen 
The hardness of the fourth 
notched and taken in direction transverse to rolling 
was Re 24 after 195 hr. The strength of notched 


pecimens Was cons! tently lower than the trength 


pecimen 


of unnotched 

Results of similar stre 
are shown in Fig. 6. The original hardne of these 
ranged from Re 78 to Re 82. At the con- 
test the 


ie 71 to Rp 78 


pecimen 


-rupture tests on Cr-Cu 


pecimen 


room-temperature hardne 

varied from However, the strength 
of notched and unnotched taken in direc- 
tion transverse to rolling dropped to 15,000 psi after 
pectively, Strengths measured in 


clusion of the 


pecimen 


196 and 286 hr, re 
the longitudinal to rolling 


direction were consist- 
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Fig. 6—Stress-rupture strength of the Cr-Cu tested in notched 
and unnotched conditions at 550°F (288°C) 


ently higher than those in the transverse direction 
In the unnotched condition, the strength of the 
longitudinal specimen decreased only to 30,000 psi 
after 305 hr under load 

The results of stre 
7, were notably different 
examined, in that the notched 
tronger than cor 

trength in 
both notched 
and unnotched higher 
than in the direction longitudinal to rolling. After 
a period of 328 to 353 hr at 550° F, the room-tempet 
had dropped from Re 66 64 to Ra 
trength and 


rupture tests on Zr-Cu, Fig 
from those on the other 
alloy pecimens taken 
in either direction to rolling were 
pecimen The 


to rolling for 


responding unnotched 
the direction transverse 


pecimens was appreciably 


ature hardne 
59-58. Although the rate of lo of 
hardness of the notched specimens was somewhat 
greater than for the unnotched the data 
that the resistance of a 
25,000 psi 


specimen 
indicate the probability 
pecimen to a load of 
would be high. One 
load after 14 hr. Fig. 6 indicate 
would be expected to 


notched, transverse 
at 550°F 
failed under thi 
that similar Cr-Cu specimen 
fail after about 10 hi 
Machinability of the 
Howeve! 


pecimen of Cr-Cu 


under the same condition 
three different 
no difference in 
cutting or of tool life was noted after the substitu 
tion on the production line of Zr-Cu for silver-bear 
because of the hard particles of 


alloy wa 


peed of 


not measured 


ing copper. Cr-Cu 


olved chromium it contains, often caused dam 


undi 
age to cutting tool 


Conclusions 
ofa Zi Cu alloy 


compared with those of silver 
Cr-Cu alloys that are used to make commutator seg 


Propertie were determined and 


beat Coppel and 


Fig. 7—Stress- rupture strength of the Zr-Cu tested in the 
notched and unnotched conditions at 550°F (288°C) 
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alloy howed ome 


conductivity wa 
ost as high as the 
copper and much 
tempera ire and that of Cr-Cu 


(") or above Silver bearing 


ich lower temperature 


Table Ill Tensile Properties of Three Copper Base Alloys* 


Vield 
Strength 
Testing ‘Pet timate blenga 
Temper Holling Strength, tion, Pet 
ature Direction Psi in In 


Keduc 
tion in 


Silver Hearing Copper, Cold Rolled 


47 7 
TT 100 i21 
6.500 42 


Cold Kolled, Aged 


(+ € Selution Annealed, Quenched 


‘ 4.00 71 
“ 
47.000 


! 27 
QQuenched, Cold KReolled, Aged 


Solution Annealed 


01 
‘ 


‘ 
(Special), Rolled After Aging 


proc 

for the manu 
lightly greate: 
copper. The ten 
higher than that 


mens taker 


4) Its electrical conductivity, afte: olution 
and aging treatment, was high 

») Upon extended exposure under load to a tem- 
perature of 550°F (288°C), it 
hardne was not impaired. Cr-Cu also resi 
but the perma- 


oftened 


room-temperature 
ted 


oftening, ilver-bearing copper wa 
nently 
6) Its tensile 
whereas Cr-Cu and the 
atly weakened by a notch 
trength at 550 F 


trength increased when notched 


ilver-bearing alloy 


7) ‘Its rupture 


unnotched specimens wa 


notched and 
the direction transverse to rolling than in the direc- 
In the notched condition 
trength 


low- 


tion longitudinal to rolling 
and at the 
of both Cr-Cu and 
est in the direction transverse 

From all of these tests, and from limited ex 
ence with practical application 
that Zr-Cu containing 0.18 pet or more 


ame temperature, the rupture 
ilver-bearing copper were 
to rolling 

peri- 
it wa concluded 
zirconium 
4 superior material for commutator manufacture 
The superiority of Zr-Cu over silver 
would be most evident when these 


alloys are used a ubjected to greatet 


-bearing coppet 
expected to be 
commutator 
than normal temperature rise, greater than normal 
peed of rotation, or both 

Zr-Cu should be useful in all application 
ing high electrical retention of 


trength at elevated temperature 


requlr- 


conductivity and 
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Habit Planes of Martensite In 
Chrome-Carbon Steel 


Observations are reported on the scatter of the habit planes of martensite in a 2.8 


pet Cr, 1.5 pet C steel 
mental error; most of it ts real 
examined 


Only a small amount of the scatter is actually due to experi 
Possible reasons for the real scatter are proposed and 
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Lieberman 


HEORETICAL analysis by Wechsle 
and Read of the crystallography of martensite 


formation has shown that the requirement for the 


existence of a macroscopically undistorted plan 
its a caleula 


iustenite and martensite perm) 
habit plane of the 


between 


tion of the indices of the marten 


TRANSACTIONS AIME 


A 
rif 
en Phe Zr-Cu (0.25 pet 
mportant advantage 
After aging 
95 pet IACS 

ae conductivit af j 

! rie triage that of 
oe 2) Its softening 
vas about 930°! ( 

Area 
Pet 

: ture ‘ 
427 
257 
te 

erature 
ture 4 
test ‘ ee text for heat treat 
‘ thierne 

) It oom-temperature tensil 
‘ el to the hardmne level prefer 
facture of commutato evment 
Ubve trenpth of silve bearin 
~ 
‘ trey thi aot Cu Nil much 

«thie of the other illo ame order oft 
3 
‘ trenvth of the three allo ted in 
= ! 1-1 ‘ ten ‘ test ult (2848 Ir thee 

tr ale stead iture test there Wid little differ 
pie to AIME by June 1, 1957 
letermined on transverse to rolling Merat detobe 

4 


ite. Their calculations are based on the experi- 
mental observation that the distortion involved in 
the formation of martensite is inhomogeneous on a 
microscopic 01 ibmicroscopic scale. The inhomo- 
geneous character of the transformation distortion 
can be expressed as a simple shear superimposed on 
distortion required to bring about 
the change in structure. Since it does not affect the 


tructure, the simple shear must correspond 


the homogeneou 


crystal 
to a slip or twinning distortion 

The analysis has also shown that if the 
on a unique plane in 


imple 
hear referred to above occult 
a unique direction, then for given initial and final 
tructure the habit 
Succe 
in a number of system 
is to include a number of possible modes of in- 
deformation indicated that the habit 
planes in iron alloys were restricted to certain range 
of value The extent of each range depended on 
the range of permissible lattice parameters. Similat 
analyses have been published during the past few 
years and have been reviewed recently 
The most reliable data’ now available 
ever, an appreciable distribution in the observed 
values of the habit plane indices in a single steel. If 
this distribution real, it must mean that even 
plane 


plane indices must have a 
ful predictions have been made 


An extension’ of the anal- 


unique value 


homogeneou 


how, how- 


within a ingle austenite grain different 
and/or directions of simple shear are involved in the 
formation of the individual martensite plates 

It is one of the purposes of the present work to 
determine to what extent this distribution of value 
is real and not the result of experimental scatte! 
being most suitable for thi 
2.8 pet Cr, 1.50 pct C 
temperature con- 


The alloy chosen a 
investigation was one with 
(28Cr150) because it had an M 
vemently below room temperature 


Experimental Methods 


In this section particular attention will be given to 
those parts of the experimental procedure which 
may be sources of error and thus contribute to the 


catter in the observation 

Preparation of Specimens alloy was pre- 
pared by melting a 120 g ingot under a helium 
atmosphere using high purity material Negligible 
melting losses were encountered and the nominal 


composition was therefore assumed to be approxi- 
mately the actual composition. A 
cut from the ingot and austen 


(con- 


pecimen, about 
x x % in Wa 
itized for 50 hr at 1200 C in dry helium ga 
8 pet H.). By 
mall graphite container 
wrapping wolfram wire around 


taining placing the 


direct contact with which 


pecimen In a 


was prevented by 
the specimen, a perfectly neutral atmosphere wa 
obtained. The neither carburized nor 
decarburized. Test sample howed that after the 
first few hours at 1200°C little further increase in 

ain size occurred, but the additional time wa 


pecimen Wa 


pivel to ensure homogeneity of the pecimen 
(judged by the distribution of martensite 
throughout the specimen on cooling a little below 


Vi). Homogeneity wa 


plate 


important since the habit 


plane appears to vary somewhat with composition.” 
The M, te mperature of the present alloy was a little 
below 35°C so that at room temperature the speci- 


men was fully austenitic after water quenching from 


1200 C. The largest austenite grains were about 1 
dian 


Determination of the Habit Plane 
ingle interface transformation 


Unlike the 
where the 
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Fig. 1—Edge of specimen with surface mechanically polished; 


etched with Nital Arrows indicate twin plane. X1400. Re 


duced approximately 10 pct for reproduction 


habit plane can be precisely measured as the inter 
face plane, in steels measurements have to be made 
on very small martensite plates embedded in the 
Consequentl the habit plane 1 


Two definitions of the habit 


austenite matrix 
frequently ill-defined 
plane are possible: 1) the plane of the mid-rib ot 
2) the plane parallel to the martensite plate. In the 
literature difficulties are avoided by assuming these 
two planes parallel. This is not necessarily alway 
o. Fig. 1 shows a martensite crystal in which the 
mid-rib runs out of the plate before the plate 
reaches the edge of the 
determination of the mid-rib plane by a two surface 
would yield a 


pecimen. Experimental 


analysis of such martensite crystal 


Table | Rotation as a Result of Ship in Austenite 


Nngle Made with Austenite 
Slip Lines by Martensite 


Deformation of 
Specimen, Pet 
Troe Strain in 


Compression Vlate A Vilate 
0 7 
22 
44 ‘ 
polemical interpretation of the habit: plane, since 


the significance of the mid-rib is not known at the 
moment and to assign to it the role of the interface 
may be misleading. In addition, the mid-rib was fre 

quently found to have a slight curvature For the 
present work, therefore, definition 2 seemed more 
acceptable. Hence, mea 
the length of the martensite plate 


vive the most probable 


irements were made along 
These measure 
ments were considered to 
namel the interface 


value of the true interface 


which would be observed if the transformation could 


be induced to proceed in a ingle crystal by the 


movement of a single interface, as in certain other 
tem 
Measurements of the same martensite plate were 


plotte d on 
(which 


made on two adjacent faces and the trace 


a 30 em diam stereographic net. The angle 
was close to 90°) between the two adjacent face 


Wa measured on a two-circle optical goniometer 
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ition of 
taken to 
pre 


plate 
finite 


traightme 
factor 


marten 
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co 
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pecimen 


the 


23°C: a 


unce! 


re 


In order to determine 


urements could be 


analyzed. A 
traight and 


mea 
ere hown 
is extremely 
desit 
pole 
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th 
resent 


ree of ae 


ot 


Laue 


the twin plane 
onentation 
the experimental 
idition 

vel inlike twin plane 
only 
Fig. 1 
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the twin 
light 


tralig 


and, in addition 
if the 


ite cry 


are 
twin trace 

tal 
as observed for 
ntributed to a 
well-defined 
the plate 


un 
ht 


on 
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made 
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howeve! it wa 


tainty rarely exceeded 


ults may there 
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to 2 C 
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Fig. 2. The grain to which each pole belon, has bee! 
marked in the figure. Each pole in Fig. 2 represent 
a different variant of the habit plane in the given 


grain. As only a relatively small number of marten 


e plates were formed, not many of the ame 


ariant were observed. When observed, those which 


were adjacent were generally found to be parallel to 


vithin | or Ie Those eparated DY plate of i 


different variant (in the same austenite grain) were 


identical to within 2. or 3, though one result gave 


a somewhat larger difference. In Fig. 2, all pole 


with one exceptior fall within a cone of semi angle 


of approximately 5 Thi represents a scatter out- 


ide experimental error 


In the first theoretical treatment referred to 


earlier, any constraints resulting from the fact that 


the martensite plates are embedded in the austenite 


crystal were considered as minor effects and not 


taken into consideration. The constraints result from 


the interference with: 1) the volume expansion of the 


martensite and 2) the macroscopic average shear of 


the plate These become vanishingly small as the 


plate is made increasingly thinner compared with it 


lateral dimensior Actual martensite plates do 

however, have a finite thickne and consequently 

the constraints must be accommodated in some man 

ner. Adjustments can take place in either the aus- ’ 

tenite or the martensite or both. A reason for the Wee sy, ne 
catter was therefore sought in these adjustments by 
ittempting to evaluate the nature of the distortion Fig. 6—Electron micrograph of surface relief on Fe 32 pet 

th 1th 1th ‘ Ni Arrow indicates direction of striations X10,000 Re 
heir in on ecatter o resu 
proved fairly successful for the austenite, but le 0 
for the martensite. The role of deformation was first 
examined by considering the constraints at a free By careful inding on a wet belt, 14 mm (0.05 
fare nd within the material In.) were removed trom the two adjacent face of 
il i Wil il le 
The constraints at a free urface may differenth | 7 
mm ul that ; osed att 
produce a slight scatte: deformation (of the completel removed, as even 1 
rain | i vol ol mi 
iustenite or martensite, or both) play an apy] reciable Phe saan 
tensite plate were determined in four of the new 
role in causing this scatter, then its magnitude would 
most likely be le at the surface than inside the erain re ealed | thi | cedure, and are given in 
material, where the constraint are largest The Fi vo change in the amount of scatter resulted 
oncelus aqthatiuft tl ! ‘ 
possibility that a larger scatter might be found when it mu . aus DO concruc me sre irtace ha 
observations were made on plates formed wel! within iny elect on the Nabi on out le the observable 
. ange and (within the ime limits) that deforma 


igated as follow 


is not a factor produci the This con 


clusion also found ipport from the ib equent ob 


ervations on the nature of the deformation in the 


iustenite and martensite described in the remainde 


of this paper 
Deformation of the Austenite The lips im the 


te which frequent] accompanie the forma 


rlensite readil eon in the irface re 


his The 


os overt the choice of the particula lip plane il 
Fig. 5—Surtace relief on specimen electropolished at room ant which becomes operative in the austenite, Fi 
temperature, then quenched to —23°C; deformed 4.4 pct at » shows that afte 1.4 pet deformation p will ” 
room temperature. X700. Reduced approximately 10 pct for ecur on othe ariants in the ‘ uthey ler 


reproduction 
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ingle 


moment of then 
ch reflection La it 


ina 


Vatior a mal 
did not 
a twinned prod- 
thicknesse hould 


the electron 
prest a 


pene yield any sug 
If 
the ratio of 


theory 


roftwui were 


t, ther twin 
ordu to wherea 
croscol ratio 
‘) rit 10 l 

ippear to be absent in 
behavior of mar- 


that 


on the 


vest martensite 


JOURNAL OF METALS, APRIL 1957 


me hanically Evi- 
from the deformed 
Visible in relief 


per- 


i at 


dence 


least capable of twinning 
for thi 
martensite shown in Fig 
the martensite and lying 
pendicular to the length of the 
They een a 


acro 


be obtained 
4 and 5 
approximately 
plate are straight 
dark etching 
tempering, 
band 
they 


may 


on 


may be 
the 
the 


appeared to 


narrow ridge 


bands running afte 
and etching 
Fig. 7 
detected in 
illustrated in Fig. 


that the 


plate 


polishing pecimen, These 


hown in be twin ince 
an untempered 
obtained after 


the 


could be easily pecimen 


This 1 


electropolishing 


a well 


Note lip line in 


Fig. 7 shows twins in 


emblance to those 
martensite 


ine p 


austenite do not how up 


martensite which bear great re 


reported by Greninger and Troiano’ in 
mechanically poli hed 
It would thu 
twinned product 
would be possible 
Ship: Suppose that 


distance in the [111] 


appear that if martensite were a 


metallographic observation of thi 
lip of only one interatomic 
direction on any given (211) 
were to occur in the martensite during it 
then theory’ predicts that 
mately every sixth plane would have to slip in ordet 
to preserve an invariant interface plane. The scale 
of this would the electron 
microscope (which ha 
about 50A under favorable conditions). If 
ufficiently eparated clusters of 
the electron 


plane 


formation approxi- 


be too fine to be seen by 
olution of 


howeve! 


an optimum re 
large and widely 
they could be detected by 
Fig 
cluste! of 


lip occurred 
6 interpreted 
lip 


The observations in 
indicate that the 
LOOA thick and separated by 
1000 to 1500A. Thi 
interatomic distance 
Scatter in the 
light variation 
planes as a result of 
mar- 


microscope 
on such a basi 
planes would be about 


adi 


impli 


tance of approximately 
more than one 


in the cluster 


lip by 
on most of the plane 


could then arise from 


habit plane 
in the amount of slip on these 
traints during the formation of a 
External constraints could be 


from the po 


external con 
accom - 


ition of 


tensite plate 
mall deviation 
train 


discu 


modated by 

the theoretical 
In the 

that the 


interface 

has been a 
were traces from {211 
This may not be so. The choice of a crystallograph- 
ically different slip the 
theoretical treatment to different habit plane 


free 


foregoing ion it umed 


triation plane 


plane lead in extended 


pro- 


Fig. 8—Specimen deformed at room temperature and electro 
polished only (untempered and unetched) X700 Reduced 
approximately 15 pct for reproduction 
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na 

i 

4 
4 

mnount of otation of 
ter (A and it 

thie The nit 
‘ 
plate maint 
lable I show 
thy stante 

ele 

hovel t with Au-20 pet Cr alloy 
‘ of of um elect tion p 
ed ‘ ‘ ‘ the shadow whiter o 
i ‘ t t depend n the relative 
Le af f ith respect to the angle of shadow-casting 

= 

tensite during deformation —— 


viding that it is,’ possible to satisfy the criterion o, 
trained Thus, the fact that 
crystals exhibit a diversity of 
lip plane that the habit planes could also 
be associated with some variation in the effective slip 
to anothe! 


an un interface at all 
body-centered-cubi« 
uggest 

from ome 


plane martensite plate 


Consideration of the general diffuseness of X-ray 
from martensite would indicate that, 


ociated with the formation 


diffraction 
if simple 
ola 


a Con 


lip is to be a 
martensite crystal, it 
iderable number of 
These defect 
further 


must be accompanied bys 
defects in the 


may form a rather complicated 


martensite 
lattice 
peculation at this stage seem 


pattern and 


premature 
Conclusions 
catter in the habit planes of 
been found to be greater than the 


The observed 
teel ha 
experimental error 


idered real A 


mar- 
tensite in 
therefore be 
the 


con- 
catte! 


and must 


mall amount of real 


results from an inherent inability to define the inter- 
face plane precisely enough. The remainder is a 
consequence of the constraints arising during tran 


formation. These give rise to two effect One seem 


fairly well established and may be assigned to slip 
in the austenite accompanying the transformation 
The contribution of this to the scatter appears to be 


mall. The other is of an undetermined nature and 


to be associated with the rather imperfect struc- 
ture of the martensite. It 1 ugvested that slip in 
the martensite is involved 
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Effects of Solid Solution Alloying On 


Creep Deformation of Aluminum 


The effects of solid solution alloying on the creep-rupture properties, deformation 
characteristics, ductility, and fracture of pure aluminum were studied by means of creep 
rupture tests on polished specimens of three alloys each of Al-Cu (0.24, 0.79, and 2.05 
pet Cu), Al-Zn (4.93, 9.89, and 19.78 pct Zn), and Al-Mg (0.94, 1.92, and 5.10 pct Mg) 


by Gordon D. Gemmell and Nicholas J. Grant 


deformation and 


ing effects on fracture 
istic This paper presents the results of 
ion of that work to Al-Cu and AlI-Zn 


permit a comparison of the relative 
three 


trength and on the 


olute clement on the high 
deformation and 
acteristi 
Experimental Procedure 
A total of nine alloys wa tudied 
high aluminum 


coppel 


made of ultra purity 


high purity zine and magnesium 


characte! 


effect of the 
temperature 


fracture 


The y 
alloye ad 
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earch and 


an exten 


alloy to 


chat 


were all 


with 


The com 


Fig. la—Log stress, log rup 
ture time plot at 500°, 700°, 
and 900°F for Al-Cu solid so 
lution alloys, compared with 
high purity aluminum The 
0.79 pct Cu alloy is two phase 
at 500°, and the 2.05 pct Cu 
alloy is two phase at 500° and 


700°F 


Fig. |b—Log stress, log rup 
ture time plot at 500°, 700°, 
and 900°F for Al-Mg solid so 
lution alloys, compared with 
high purity aluminum 


Fig. Ic—Log stress, log rup 
ture time plot at 500°, 700° 
and 900°F for Al Zn solid so 
lution alloys, compared with 
high purity aluminum 


nits of solubility 
are shown in Tab 
The Al-Mg alloys as tho idied 
‘ annealed Mullendore and Grant lowever, whereas the 
e nec to ‘ ed constant load t it was found adv: ageou 


rk at « taunt tre to 


and ductil 


Results 
Creep-Rupture Properties 
creep-rupture results plot 
rupture time for each ol 
Curves for high purity aluminun 
f Servi and Grant are included 
for purposes of comparison. The data 


‘ 


hown in other figures are fron 


plot were obtained of 
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- 

‘ 

; 

’ 

j 
= 

= 
— 

hie « tint tie testil mou itu hi bean ce permit ca ier comparison of creep rate 
eribed previou tie 
The test condition tted testir in the solid 
a the exception of the 0.79 pet Cu allo at 5OO |} ind th ‘ 
: the 2 O5 pet ¢ it 500) and 700 F. which were \ 0 
4 : tw hase a Dhiese hase a vere the 
leformation change fre the nvle phase the for 
4 field to the tw hase field to facilitate extensio pure aluminum 


vs log minimum creep rate; the results simply 


observations made from F) 1, which 


discussed below, and are accordingly not pre- 


ented 


Fig based on the plotting convention of draw 
t straight line through the experimental 

point with a break in slope to indicate and ¢ mpha- 
! instability 
Such instabilits 
firmed by metallographic examination or other evi- 
dence. For the in this series the 
which are ociated with the 


ize a region with respect to 


the test condition were cone 


lope change 
hown are a incidence 


of active grain boundary sliding and/or intercrystal 


line cracking; the metallographic as well as normal 
howed the start of such 
deformation and talline 


in ductility at fracture 


visual observation clearly 


boundary intercrs 
racking 
upport these observations of interery tulline crack 


detection of these 


Marke d decrease 


ng and simplify the regions of 
equicohesion 
With reference to Fig. la, it wa 
the 2.05 pet Cu alloy underwent 
cracking at 500° and at 700 F. Regarding Fig. Ib, 
noted for the 5.10 pet 
train rates at 700 F 


also ob erved in 


observed that 
intercrystalline 
ercrystalline cracking wa 

allo at 500 F. and at high 
talline cracking wa 


However, the frac 


some intercry 
the 1.92 pet My alloy at 500 F 
granular due to the 


ture was mostly tran increased 


train rates as i ult of a decreased cro ection 
talline crack In gen 
observed on the Al-Mg alloys at 
reement with the test 


performed on the ame alloy at constant load 


ulting from nterery 
al, the result 


constant stre ure in close ag 


Extensive intercrystalline cracking and fracture also 

19.78 pet Zn alloy at 500° F 
content compositions of 
other than those 

arked tenden at 500 F for sore 


occurred in the 


In the all the 


noted above 
there 
intercry 


the heavy and h hil I tricted deformation along 


talline cracking to occur, as evidenced by 


the grain boundart with restricted or no evidence 


rain boundary migration. However, intercrystal 
rackiag occurred only in localized regions. On 
other hand, at 700 F there was extensive grain 
boundary migration and freedom from intercrystal 
line cracking except as noted above. This trend wa 
at 900 F 


iat not one « ine alloy 


evidence of intereryvstalline crackin 


Fig. 2—Total elongation vs test temperature Each value is 


the average of all tests at that temperature for each alloy 
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Fig. 3—Second stage 
true) elongation vs 
test temperature 
Each value is the 
average of all tests 
at that temperature 
tor each alloy 


but all showed extensive rain boundat hiding and 
migration 
Ductility Observations Since it hia 


erved in the past that elongation at the end of 


been ob 


total elonpi 


tilline uck 


econd stage of creep (and »¢ 
lion) 1 a indicator o 

ing considerable attention wi i\ jeousure 

ments of both elongation value Some small erro. 
exuct value train on loading 
with the « 
dita i not complicated 


exists in that an 
was not obtainable equipment, but 
the interpretation of the 
by thi 

Fig. 2 shows the averap i lonvation at trac 
ture for each allo ri th pecimn tested 
at a given temperature plotted against the test tem 
perature The comparative value for pure alu 
hown At 500 
crystalline crackin vas observed, it will be 
<ception (9.89 pet Zn alloy) 


vhere intel 


minum are also 
noted 
that with one minor ¢ 
as the alloy increased the 
creased, Further, the 5.10 pet Mg and the 19.78 pet 
Zn alloy which showed the most severe interet! 

tulline cracking, also 
brittlement A recovel 
temperatul above 500 
talline c1 al or wholly 


harply ut 


content elongation de 


howed the most severe em 
proce ‘ ule enhanced 
With imereasing 
and intercry 
eliminated, clongation 
700 F, and continued rei up to 900°F. In 
fact, at 900 F most ol i n i ‘ how 
Of pul 
» pel Mp 


value ol 


reate! elongation 
ticular interest 
allo which not onl 


ti tril emperature but 


tre for rupture a | 


is also the most ductile af and 900°F. In 
thie pet Mi allio “a alloy 
tronger i three termperatul than the 2.05 pet 


two-phi ut 00 and 


olution 


(lu alloy 


700 F (although ne A rian produce a 
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ress Ei 
confiri 
ae 
A 
Of 4 — 
| 
d 
44 
sol gan 
howed any 
/ 
«+ f ‘ 
Pg tructure to yield optimum strength) 


Fig 4a--Log log plot of minsmum creep rate vs rupture 


tome for Al Cu alloys 


Fig 4c--Log log plot of minimum creep rate vs rupture 
time tor Al Zn alloys 


‘ longation (elongation at end of second 


pe creey it presents a somewhat dif 
ferent duct 


hown mn Fi d P at 500 F, due to low re 


worth examining, and 1 


attendant intercrystalline 
instance a decrease in 
content. In thi 
copper alloy (2.05 pet) show 

rop in elongation. At 700 
nhanced, there is a4 significant gain In 
which 


in second stage 


elongation with allo 
where re 


howed low value 
elongation 
mall in all instances except 
which becomes a single phase 
« results indicate that those 
ited intercrystalline crack 
»not show an important 

ation at the end of second stage 
creey , tit 00 to 900 F temperature range 
Where 


‘ denced bs vrain 
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Fig. 4b—Log-log plot of minimum creep rate vs rupture 
time for Al-Mg alloys 


boundary migration, prevent intercrystalline crack- 
ing, large gains in elongation at the end of second 
tage creep result, as compared to the 500 °F value 
Furthermore, by comparing Figs. 2 and 34, these 
result 
deformation were possessed by these alloys at 700 
and 900°F. This 1 
olution magnesium alloys of aluminum 
In Figs. 4a, b, and c, plot 
log minimum creep rate are shown for all the alloy 
with all alloys of one type being plotted on a com- 
mon graph, independent of temperature. In most 


indicate that large amounts of third stage 


especially the case for the solid 


of log rupture time \ 


cust a straight line may be drawn for each alloy 
composition in each alloy tem at each tempera- 
ture which is only slightly displaced from the rest 
of the curves. These curves can be represented by 
the following equation 


log log E log t 


where ¢ is the minimum creep rate a constant 
and t, 1 


of 0.316 for high purity aluminum, and 0.450 for 


the rupture time. E, had an average value 


25 aluminum 
Fig. 4 shows 
of the point 
of slope (—1) 
(i.c.. below) the 
which failed with low ductility. These 
the following: 2.05 pet Cu alloy at 500° and 700 F 
0.94, 1.92, and 5.10 pet Mg alloys at 500 °F; and 19.78 
pet Zn alloy at 500°F 
It will be seen from Figs. 2 and 3 and the di 
ion above that these are the low ductility t 
failed by ot 


that for each alloy tem almost al’ 
can be repre ented by a narrow band 
Points or lines which fall outside 

main band correspond to test 


alloy are 


which the specimen howed inte! 
talline cracking 
The main bands, which include most of the lin 


can be represented by the relationship 
O51 


E, varies inappreciably for these alloys with increa 


ing alloy content or with change in temperature 
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. 
‘ 
oN 
‘ 
‘> 
7 
Re 
N 
‘ * 
we 
ol 
Vhe 
crackit 
‘ 
ny 


the 


and 


1 


lat 
cre 


ted b 


olid Solutio 
atures 


il 


at tracture 


n Strengthening at Elevated Temper- 


oO 


ire aluminum 
ittle 1 known regardin the basi ot 
yeorature olid solution trengthenin 
variable were examined. Fig. 5 show 
ion of the treneth ratio plotted uvainst 
itration, in atomic pet, of the olute ek 
the two-phase copper allo Coppel 
esium have imilar strengthening effect 
! i ht reate effect on a pel 
Dba Hut im having the reate 
n the solubility limit Zine, on the othe 
erthe i mall strengthening effect 
vy a weakening effect at 500 and 700 Ff 
eakenin etlect lo re in olution on 
‘ tance of aluminum have been re 
Robinson, Tet ind Dorn, and by McLean 


hie trent 


thening 


tion of the degree 


ol 


ach olute el 


aturation, the 


peen plotted \ tri 


element 


than cop} 


trengthening efle 


lun 


lowe temperature but 
at the ! her temperat 
out howe ‘ that it 
the magne in illo 
vhereas the mit sal 
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uppeal inferior to coppetl 


ire It 


1 


aL 


aturation, mag 


wction of 


as ob 


in aluminum 


On thi 


be 


busi 
ut the 


pointe ad 


0 F the limit of saturation 
lus liquid field 


if coppel 


flerent 


aturatl 


Fig. 5—Strength 


and im 


trength 


parameter vs atomic 


pet solute 


element 


for copper, zinc, and 


magnesium in alumi 


num, o is 


the stress 


required to give a 


10 hr rupture life 


Fig. 60—Stress vs slip band spacing for Al Cu alloys 


Fig. 6b—Stress vs slip band spacing for Al Mg alloys 


Fig. 6c—Stress vs slip band spacing for Al Zn alloys 
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except insolar as a combination of these variable 
ening effects of the three alloying elements, a cot e . 
bad 
pa on Wa isin trie atio where 
9995 %A 
the stre whic ves a 10 hr rupture life fo 
at a Vel temperature and 4 j On 
thie tire to LO hi ipture t w of the allo atl 
thie ime temperature Th ratio Ve the actional 
nerease or decrease 1n treneth of the illov con 1 
pared to 
Because 
h ten 
number 
thie Variat 
the conce 
ment ne 
and mag BAN PACIN uM 
copper | 
itomuic pr 
effect with 
hand, sh 
at 900 | 
Sun 
= 
ment as a fun 
aturation of the soluic wv 
erved that per fraction | | 
vhich is more soluble 
has the preate 
ination ¢ — 
is the a plus Cus field, giving a 
perfect basis of comparison of the sion frac 
tion 
eni ind the triations of lattice parameter with 
‘ 
, 
‘ 
a 
~ 
‘ 


Al 1978 pet Zn alloy. Creep 
rupture tested at 500°F and 4500 ps: 
x150 


for re produc tion 


Reduced approximately 35 pct 
for reproduction 


iti 
and Hlurne 
NV hile effect of zine 
l, neverthel 
olution strengthening 
addition pro 
a compared to either 
Oppe addition on the 
ave the most profound 
vddition 
of slip band 
in alloy con 
band 
in which slip 
the lip band 


pacing at 


proportional 

confirmed by Servi 
md wi hown to be 

hown 

on for the 

alloy 

Kirmmatel ( 1) In 
alloy 

for pure aluminum 

esting that a 


densit' 


pure alu 
the point 


Fig 10--Al.0.79 pct 
Cu alloy. Creep rup 
ture tested at 500°F 
and 1400 psi. Re 
duced approximately 
25 pct for reproduc 
tion 
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Fig: 8—AI-19.78 pet Zn alloy. Creep 
rupture tested at 700°F and 1500 psi 
X100. Reduced approximately 35 pet 


Fig 9—AI-0.79 pet Cu alloy. Creep 
rupture tested at 500°F and 5000 psi 
X100. Reduced approximately 35 pct 
tor reproduction 


distributed equally about the t for pure 


aluminum, lendin upport) trom deformation 
point ol View to the ob ervati thi doe not 
ignificantly strengthen aluminum in hot creep a 
u solute clement 

Metallographic Observations ‘The 


which occur in hot creep of pure alu- 


deformation 
mechanism 


minun and in solid solution alloys of magnesium 


Table |. Compositions of Alloys’ 


Lattice 

Fiements, Wt Pet Spacing? 

Alley 
Ni Me 


0 000 O408 
0 000 O397 
000 O372 
iv 0400 
O445 
0 O00 0445 
O00 0495 
0.000 0630 


in aluminum have been reported. The observation 


on the three magnesium allo of aluminum reported 
tantiated in the 


present work, and only j Vv brief obse 


by Mullendore and Grant were sub 
ryvations on 
the effects of copper and zinc w made 


alloy- 


incl- 


alloyin with magnesium, 


ne aiso re ilted in the 


copper and 
dence rerystalline cracking at 500 F in those 
alloys in which recovery processes were too slow at 
ufigiently high strain rates to permit strain accom 


modation and migration of to new 
unstrained position Ar 


ture to 7OO or 9OO F enhanced recovel 


tempera 
processes, 
in the 
avoidance f interery (except at 
700°F at \ high strain rates | h ase of the 


ull and COppe 


particularly ywoundal rauiot ulting 


alloy 
character- 


the 19.78 p alloy tested at 
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Sige oncentrations of copper 
j 
a portional to the lattice ch 
coppe 
effects per atomic pct of 
if A iid cl iti A 
tent, menusurements of ave 
7 fracture Vere made on a 
pac it mia ! it train 
id tes thee tre I} O24 0 002 Oo 
Cu 0.7% 0 001 0 002 
md Garant for pure aluminun 205 0.001 0.001 0.001 
ndependent of temperature. Th 2.09 Z 
nt Hi, t is a ba ‘ 923 2 004 0 
the cause of the Copp md tt 
the e the curt the a wind their a ‘ ere fur hed b the Alu 
a i er 
with onl ocen nal exceptior nte t or ext tie fre lata H G Axon and 
rar Fe: 
] 
q 
4 
Fig. 7 show ome te 
ag 


500° F and 4500 psi, which failed by inte talline 
mean At the high test some sli} 
is evident in a number of grains. A sharp but small 
offset at the triple point is also observed which 1 
associated with the broad fold in the 

which the offset took place Fig. & show 

alloy tested at 700 F and 1500 p little or no 
talline crack is noted 
At lower stresst 
failed with 


talline 


train rate of thi 


is evident and a 
along two of the grain boundars 
(longer time tests) at 700 F thi 
transcry 


harp intercr) 


alloy 
increasing ductility and by mean 
enhanced and grain 


prevalent 


a recovery proce ‘ were 


boundary migration became increasingly 
In the Cu-Al alloys only the 2.05 pet compo ition 
failure at 500 Ff 


there was a marked change in the 


howed complete intercrystalline 
Neverthels 
deformation characteristics in going from 500° to 
700°F or with changing strain rate at 500° °F. Thi 
is shown in Figs. 9 and 10, for the 0.79 pet Cu alloy 


at 500° F. Fig. 9 shows the high tructure 


train rate 


Table I. Concentration Limits of the « Phase 


Atomic Pet 


with extensive 
ary sliding. Fig. 10 shows the low 
boundary 


lip and absence of significant bound 
train rate 
ture, with extensive liding and a fold 


plainly evident in grain C. A few interery talline 


crack 
crystalline. This same type of tran 
tion was observable in all the alloy 
lesser extent at about 500° F, the 
with the extent ol 


were discernible but the fracture was tran 
ition in deforma 
to a preatel 
harpne the 
inter 


change being a ociated 


ervstalline cracking or fracture 


Summary 


Joth copper and magnesium in soli olution are 


highly effective in improving creep resistance and 
rupture life of aluminum although a clear-cut cr 
terion for strengthening w not found and is not 
warranted on the bas! alloy 
tem tudied in this progr 
with the first small addition 


Significant strength improvements over pur 


im) Th argest benefit 


occul olute ele 


ment 
aluminum occur at all temperature 
900 

Zine in solid 
high temperature creep re 


olution has little 
tance 
for certain test conditions appeal 
An explanation of thi 


vet available but should mi 


ening effect 


tribution to some of the theor 
ing 

At 500°F at certain stra! 
a marked change in the 
changing from slip predominantly to h 
uch as grain bounda! 
A alloying tin 
solid solution range the change ts con 
marked. When recovers 


ciently so that grain bot 


ture proce 
fold formation 


conten 


restricted, and accommo 


boundart canno 


talline 


intercry crackin 
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ductility. At longer times (lower strain rates) at 
00°F. grain boundary sliding and migration and 
fold formation become more active and result in a 
resumption of transcrystalline failures This effect 
evident at 700° where 


present only in the 


was, of course, much more 
intererystalline cracking wa 
most highly alloyed metals at high strain rate , and 
was completely absent at 900 F. Above 500°F large 
vains in ductility were noted with the advent of 
extensive grain boundary sliding and migration and 
fold formation 

hus. in three alloy systems based on aluminum 
in which the were maintained at ultra high 
purity levels, it has been observed that interery tal 
when boundary deforma 
place but 


alloy 
line cracking takes place 
tion processes (sliding) begin to take 
fully accommodated because of the high 
temperatures of the grain due to the in 
Under these circumstance 

trains cannot be transmitted acro 

- due to lack of fold formation, grain 
lip, ete, and brittle inter 

With increased test tem 


proce €5, Cspt 


cannot be 
recovery 
creased alloy content 
continuity olf 

vrain boundari 
boundary migration, 
erystalline fracture occu! 
perature or time at te t, recovery 
cially 
intererystalline cracking. Impuritie 
nitrogen. or carbon, or certain tramp elements are 
intel 


migration, become operative and prevent 


uch as oxygen, 


not necessary therefore to initiate or cause 
crystalline cracking, but if present would of course 
intererystalline cracking easier, more severe 


ubject to elimination by increases in tem 


make 
and lk 
perature or decreases in strain rate 

of deformation noted for pure 
elim 


None of the mode 
aluminum at these same temperatures Wa 
inated by olid solution alloying, but there 
definite changes in the extent of their participation 


as noted above, grain 


wert 


For example 
mipvration is often reduced by alloying 
horter and broader with inerea 
Average lip band 
remained inversely 


in deformation 
boundary 
and fold 
init alloy 


become 
content pacing 
measured at fracture propo! 
tional to the stress, but there appt ared to be a wider 
lip bands for a given stre with alloy 


noted but were not 


pacing of 
inv Kink and 
tudied in detail in thi 


ubgrains were 


instance 
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Technical Note 


Stepped Austenitizing Treatment for 4340 Steel 


by E P. Kher, Volker Wei ind George Sachs 


ubcritical tran 


range nee this treatment potentially 


head to increased hardenabilit lirnited te 


tabilization 


ne ha 


been completed to determine if the 


ellects observed with th treatment can be used to « 8 . 
wdvantaye in the heat-treating of 4440 steel. As an IT 4 

ndex of the elect ol the everal austenitizin 

treatments on the hardenability of the steel, Jominy f ] ‘ 
type hardenabilit test were Cor pleted for peci al ‘ 


ameter und 6 in. lon 


teel studied to be used at strength 


noteh ensitivi major concern l 
oteh sensitivity after elected austenitizin treat 60° i 
+ 


ents has been evaluated by notch tensile tests for rf ry 


pecitnen 


Phe steei composition and the austenitizing treat ’ 
ments are given in Table I The test specimens are ~ 4 ~ 
presented in Fig. 1. The hardenability data are given 
n ki Zand the notch tensile properties are pre a 
ented in Fig. 3 

Che hardenabilitvy of the steel investigated when Fig. 1—Test specimens: a) hardenability specimen, b) 0.3 
determined } wee of thy tandard Jominy test in diam notch tensile specomen, and c) 1.1-in.-diam notch 
pecimen was high and remained essentiall un tensile specimen 
changed for the different austenitizing treatment 
the larger test specimen, as has been shown b 


ation the characterists harden 


ubility indexe we changed and it becomes possible 

to isolate austenitizin treatment vVhich promote as 
aximum hardenabilit The stepped austenitizin 

treatment promotes higher hardenability as is indi 

uted Fig. 2 
The evaluation of notch sensitivity for very high a a \ AUSTENITIZED FOR @ HOURS AT (880° 

trength steels is best accomplished by means of the \ HOLDING 

notch tensile test The experimental conditions otf ’ \ 

the test, however, modify the notch strengths mea 

ired, and in the present experimentation an effort \ 

wus made to achieve a limiting notch condition bs ‘ HOURS AT 1500°F 

fixing the noteh root radius at 0.001 in. while the aad nn A 

pecimen dhamete vas allowed to increase from 0.34 \ yi 


to ldloon kor th root radius the notch strength 


QUENCHED AFTER 
AUSTENITIZING FOR 
ae a’ a6 


5 4 5 6 ? 6 


re the average tracture tre on the cro ection ‘ 

TANCE FROM QUENCHED END INCHES 
under the notch, was measured at room tempera 
ture as indicated in Fi } for the different speci Fig. 2—Hardenability of 4340 steel after selected austenitiz 
nens as the tempering temperature was raised from ing schedules; end-quench test of 25 in.-diam x 8-in. long 
L000 Jominy type specimens 


The trend of the notch strength v temperin 


temperature has been established earher for the 


3 0.3-in.-diam specimen, and this trend differs from 

—E P KLIER, Member AIME, is Professor of Metallurgy, V. WEISS that for the larger specimen At the highest tem- 

is Research Associate, and G SACHS, Member AIME, ts Associate perin temperature the 1.1l-in.-diam pecimens 

: : Director of Research, Research Institute, Syracuse University, Syra eld comparable results for the austenitizing treat- 
: cuse,N Y ments compared. However, as the tempering tem- 
TN 383E Manuscript, Dec 30, 1955 perature progre wely lowered below 900°F. em- 
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: 
=i 
> 
hus been shown that the othermal transtorma f 
git 
tg oe tion of austenite in a special steel can be modified ’ 
i 
! 
mens 2.0 1n = ? ! 
‘ 
We 
4 
: 
| 
4 
Tie section-size effect which modifies the notch test results will 
ented ts ts " it art it te that the 
ent sit eased both the te ‘ hh te ‘ 
re marked reduced 
4 4 


brittlement or notch sensitivity progressively in- 3 X 
\ ate 


creases. Further, in contrast to results obtained with 
the impact test, the notch strength for the large al — K 
specimen doe not reveal a 500 F embrittlement Fig. 3 Effect of \ 


sete 
range heat treatment and ‘ 
The notch sensitivity as determined with the the 
notch strength of = 
0.3-in. specimen of 4340 steel given the tepped popes he \ 
al ‘niti g treatme 
where This quantity as measured for the 1.1-in he austenitizing | 
time; double . 
asterisk, weat 
Table |. Composition and Heat Treatments ee 
austenitizing time 
625 ac 
Composition of 1110 Steel Pet 400 e00 000 


TEMPE RING 


‘ M r i 
fore, be of use in promoting deeper hardenability 
for a 4340 steel while at the same time giving re 


07 O7 19 o24 
duced notch sensitivity in the high-strength range 
in Which this steel is now being used 
Heat Treatments 
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2 Kite i We Discussion to Hehemann and 
n tabilization of the Bainite Reaction. AIME Tra 


diam notch tensile test and given in Fi , is taken ‘J. Vajd i P. E. Busby: Effect of Compositior I erse 
Steel. ASM 1 19 4 
to signify that reduced notch sensitivity ts encoun 
tered in the 600 to 800 F tempering range for KT nd b. J. Kiinge i tations of the End-Quench 
pecimens given the stepped austenitizing treatment G Vv. We nd EP. Kier: Effect of a Number of Heat 
Treat Te iat the Notch Stre th f 4440 St 
rhe stepped austenitizing treatment may, there mM Preprint No. 71, 195¢ ate dei 


Central Region of the Mg-Zn Phase Diagram 


The phase equilibria in the Mg-Zn system from 0 to 85 wt pct Zn and from 335° 
to 93°C have been redetermined. In this region four intermetallic phases, Mg,Zn., MgZn, 
Mg.Zn., and MgZn., exist. Below 325°C, the Mg:Zn, phase decomposes eutectoidally 


to magnesium solid solution MgZn. The MgZn phase is stable over the temperature 
range from 335°C to 93°C; below 325°C, it is in equilibrium with the magnesium solid 
solution 


B. Clark and F. N. Rhines 


by J 


J. B. CLARK, Junior Member AIME, ts associated with the Metal T HE most recent phase diagram of the Mg-Zn 
lurgical Laboratories, Dow Chemical Co, Midland, Mich, and ystem that of Koster and Muller Fig. | 
FN. RHINES, Member AIME, is Aluminum Co. of America Pro Certain diffusion studi that will be deseribed in 
fessor of Light Metals, Dept of Metallurgical Engineering, Car : future paper, led to the conclusion that this phase 
negie Institute of Technology, Pittsburgh diagram | neorrect in indicating that the MgZn 

TP 4365E. Manuscript, Jan 16, 1956. Cleveland Meeting, Octo phase decomposes by a eutectoid reaction at 340°C 
ber 1956 nstead of persisting to low temperature Accord 
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efer te oil quenct coo furnace coo ma Kite V Wei md G Sach Hardenabilit Stucle on 
1.Q., Jo quenet 134 teel, § ise { ‘ ty Research Institute, Final Report No 
the 0 400 d toh te ‘ pe tl holding t tN NO) 4-424-¢ to N bureau of Aeronautth 
Aa 1? (da torte 954 
‘ mand D ents Effect of Specimen Size on 
ths Horde i t nkford Hey t No. H-1164 


MeZn 
Zn and 


xamined and revised phase 


tween O and 6) wt pet 


pean rr ‘ 


ented 


pre 


Preparation of Alloys 
compositions prepared for th tudy are 
These allo were prepared | 
high 
aphite cru 
the zine 
molten magnesiun 
The alloy 
700 


rigely ublimed 


ehloride 


mapynesiun and 
flux fia 
um was melted first 
irred thi 
rod until alloyed 


ly at 


rod 


ne under a 
and 


on wa 1 nto 


about for ] ) 
hill cast into a form 
tudied uf 


Zn 


tion 


the cust 
and i> wt pet 
! For a piven 


pre 


allo which Vere 
and heat treat 


thre enst 


compo 


ent in and ext 


ere identical 
Heat Treatment 

! ‘ of cach of these allo were homovenized 
by annealu first at 335°C for 10 day Subse 
quentl imples of each alloy were annealed at 
0) 149 and 93°C respectivel: for 
periods up to 1000 1 followed by a rapid air cool 
n ( in jee water quench. No difference wa 
bserved between the structures of water-quenched 
pecimner ind air-cooled specimen In additior 


i on couple 


compo ed of a disk of pure 
VAT phase 


velded to a disk of the Mi 


Fig Zn phase 
diagram according 
to Koster and 

Muller 


Fig 2 
diagram as determined by the authors 


Equilibria in the central region of the Mg Zn phase 
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74.5 wt pct Zn alloy after a 139-hr anneal at 335°C, 


Fig 3 
Glycol etch X500. Reduced 


approximately 20 pct tor re production 


followed by a water quench 


vere diffused at 335 C and were examined to verify 
the « tence of the Mg.Zn, phase field at 335°C 
Durin these treatment the alloy ample were 
protected from deterioration in Pyrex vials contain 
nv an argon atmosphere. The heat treatments wert 


metall 


Table | Alloy Compositions 


Composition by Analysts, 
Wt Pet Zn 


Nominal Composition 


Wt Pet Za 


ed it in an electric furnace which maintained 
ete perature with! 1.3 No surface attack 
depletion of zinc or magnesium was observed 


of Analysis 


he heat-treated alloy specimens were analyzed 
by metallographic examination and powder X-ray 
diffraction The alloys were polished and etched 
isi taundard procedures for magnesium. Table II 
lists the main etchants used in the study, and out- 
line the procedure used to distinguish metallog- 
iphically between Mg. Zn, and MgZn 

Powder X-ray diffraction was performed on a 
143.2-mm-diam camera th nickel-filtered copper 

liatior Powde patter! of homogenized alloy 
of MeZn, Mg.Zn, and Mg.Zn, were prepared and 
ised a tandards for phase identification in other 
illoy The d-values for these phases are listed in 


Discussion of Results 


The egior if the revised diagram, shown in 
2 that were not re-investigated by the author 
taken from the literature. The liquidus curves, 
temperature of the eutectic and of the peri 

tics associated with the formation of MgZn and 
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ingly, that portion of the lying be 
tween 93° and 
ti Phe allo 
listed in 14 
with 
ondition 
‘ 
A 
magnesium 
02 
er centage 20 4 
199 
2 
72.6 
7442 
| 
(MeZ 74 
‘ 
t? 
raphically 
Method 
on 
Table Il 
: 
+) 
ter 
“ 


Fig. 4—73 wt pct Zn alloy after a 5-day anneal at 335°C 
A small amount of Mg Zn. (darker gray) is shown in a matrix 
of MgZn. Glycol etch. X1500 Reduced approximately 10 
pct for reproduction 


, 
Fig. 5—73 wt pct Zn alloy with initially the structure shown 
in Fig. 4 after an 83-hr anneal at 149°C. The Mg Zn, has 
decomposed, leaving a fine dark eutectoid structure Pre 
cipitation has occurred in the MgZn matrix Glycol etch 
X1500. Reduced approximately 15 pct for reproduction 


Fig. 6—35 wt pct Zn alloy after a 5-day anneal at 335°C 
Magnesium solid solution (outlined darker gray) is shown in 
a matrix of Mg Zn. Glycol etch X500 Reduced approx 
mately 5 pet for reproduction 
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Fig. 7—53 wt pet Zn alloy after a 5 day anneal at 320°C 
Nodules composed of lamallae of magnesium solid solution 
dark) and MgZn (gray) are shown impinging in a matrix 
of Mg Zn.. Glycol etch. X200 Reduced approximately 10 
pct for reproduction 


Fig. 8—Cross section 
of a couple of mag 
nesium and the 
MgZn phase after 
diffusion for 1000 hr 
at 335°C, showing 
the diffusion layer 
of Mg Zn Glycol 
etch. X75. Reduced 
approximately 30 pct 
for reproduction 


+ 


Fig. 9—Decomposition of the Mg Zn. phase along the inter 
face of the Mg/MgZn diffusion couple Unetched 250 
Reduced approximately 10 pct for reproduction 
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Fig 10. 80 wt pet Zn alloy after a 10 day anneal at 260°C 
The structure consists entirely of the Mg Zn. phase Glycol 
etch Reduced approximately 10 pet tor reproduction 
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ake need by 


thar 


tomhion 


Table Il) Etchants and Procedure Used to Distinguish Between the 


MaqZn and Mg Zn. Phases 


Time of 
Specimen 
Pichant te 


t beer 
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Fig. 11—80 wt pct Zn alloy after 24 hr anneal at 149°C 


Glycol etch 500. Enlarged approximately 30 pct for re 
production 
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Pas 
= 
Sei Vie Zt and the short vertical line representing the most probable that it is magne im-rict 
tritted ¢ tence of the phase Mie are taker tier In any case it is evident that 
ae from the data of Urazov and coworke Phe ma throughout (es 
rie int oldu taker from the dia itm) re that t must 
teal t Ldenstedt nd Burn and the corre pond composition 1 
! is from the dia eported b The The phase 
tectie temperature of the My phase taker Vip Zn not i temperature rathe ! 
from the ad int eported i are the at a temperature 
ertical line represent thie mve of ex tence of I} temperature 
a It was found that the phase field of =z mum 3535" ( close to 325°C 
compound at 74.5 wt pet Zn, as hown in lerives from bot} 
ie 4 thie nvle-phase allo hown in | rather Hh equilibrium and dz! experiment All 
' =< it 72.9 wt pet Zn, as predicted from the = alloys mmm, up to 49.9 wt pet Zn, when an 
et of the MeZn con pound Phat the phase MgeZn nealed at were found to be composed of 
dow? to low temperature ndicates mis ne hy olid olution and M AN for 
i vertical lime 745 wt pet ‘ i Phose illo ire 917 to 73.42 
from f thee of the hia v1 pet fabilized = at thie temperature 
teul ‘ Wa All allo ip to and Vere COMpo ed of MeZr and M ha been 
hown } Both ere of alloy upon low 
cooling or stabilization at 320 C and below indergo 
Of My Zn, to a more 
rit itt rit Zt Th can be 
ay 9 een ina zine-rich alloy, Fi », and in the partly 
Keaction \ecordi i eutectoid horizontal has been 
drawn in Fi 2, at 325 C, connectu the phase 
tted im cl olid oOlutior it wt pet Zn 
og f ’ Me Zn, at 53 wt pet Zn, and MgZn at 74.5 wt pet Zn 
el ; As a final check upon the correctness of these 
leductior in allov co Vu made ip of a 
a HNO vt pet Zn alloy (MgZn) was diffused ZZ! at 
» In accordance with expectation, a 
correspondir to Me Zr developed between the 
in ind the MeZn laver (see 
, 
tie Ov wt pet Al vhich had been tabilized a coolin ove i period of 10 mu ake 
an it $20 C and below, were found to be composed of composition of the Mg.Zn, progresses by the nuclea 
The two rie im-rich solid solution and tion and owth of eutectoid nodule A state of 
j 1) ‘ Phe phase dentifica partial decomposition 1 Illustrated in | pref 
tie Vil made px ol thre mal oft the corre erential nucleatior iponm the <ide film of the or 
puma X-rav diffraction pectra nal nterfoce to bye noted X-ra' diffractior 
\bowe the t pet Zn allo vas found tudi ipon Me Zr transformed isothermal! 

i} iimost entirel of MeZn, with a licate that the change proceed n two step The 
ae mall amount of Mg Zn, (see Fig. 4). Upon at MyZn first appears in an unstable transition forn 
¥ it lowe temperature, the MgeZn phase re ibsequently change to the table tate At 
rag . maimed untransformed ¢ ept for the appearance of temperature below 204°C. the instable form ha 
i Widmanstatten precipitate (} ») I} precip! heen observed to pe ist ry the liffraction patter 
pe tate has not yom identified, although it seen more than 1000 } Table TI includes a t of 


Table Ill. Main Reflections of Phases Studied 
Metastable 
Structure of MgZn 


values 
» those of 
of magnesium 


and ¢ 


table at least over the 


to dan ¢ 
temperature of eutectoid decomposition 
near 325 °C 
The phases MgZn and Mg.Zn, both have some, 
probably small, composition ranges of exist 
ited temperature 
Acknowledgments 
h to expre their appreciation to 
loys Mfg. Corp. and the Office of 
ipport of this research 
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crystal form 2) The phase MgZr eee 
A con parison of the microstructure of sample ol tempet 
the 80 wt pet llo tabilized at variou we 
tempe ature ation » ol M 
how i precipitation of a econd pt ‘ with ae +) 
cre ter ‘ nture pare ‘ i! } 10 tnoupt 
and Evident there finite ange of compo ener 
tion ove vhich Vio can ex the ipbsence of 
i meusure of the width of th nve, no attempt ha I'he 
been made to displa t upon the phase dia an +} | 
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1) The hace eaquilil n the ten 
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Electron Diffraction Study of Flake Graphite 
Extracted from Molten Pig !ron 


Single graphite flakes segregated from molten carbon or silicon-rich iron at 1200° to 1500°C 
were subjected to electron diffraction experiments. The results indicated that the well developed 
thick flakes are composed of one single crystal, while the thin almost colorless flakes consist of two 
or three single crystals oriented with the basal plane parallel to the flake surface and rotated at 
an angle of 15°, 18°, 22°, 25° or 28° about the C-axis. The stacking of the atomic layers in each 
single crystal indicates that they are «« and //-type, or a more disordered structure, at each instant 
Double diffraction evidence and additional electron microdiffraction observations showed that the 
thin single flake has an aggregate structure with two close-packed single crystals 


by Kichizo Niwa and Goro Shimaoka 


pes past, the crystalline states of graphite in cast The present study was made in order t ecure 
n hia been studied by many investigator tructural information on graphitization in cast tron 
Recentl everal author ave published interest Electron diffraction studies on the structure of single 
rn nformation on the e1 F xture of the indi vraphite flake egregated from molten carbon or 
dual riapobrite rain ialls pherulite in ilicon-rich iron at 1200° to 1500°C are reported 


odular cust 


In repard crystal structure of graphite Experimental 
on ane Sr howed by powder X-ray analy Honkeiko pig iron (4.05 pet C, 1.59 pet Si, and 
m7 most of the crystals contain about 14 pet 065 pet Mn) was used as the solvent of carbon o1 
rhombohedral structure (f-form) which differs from ilicon. The pig iron was melted in an open furnace 
hexagonal ructure (a-form) in Un CQuewts and a small quantity of metallic silicon was added 
to the melt at 1300°C. The melt was heated to 


1500°C, and then retort black carbon or metallic 


tack confirmed the existence 

form inoa single erystal with electron dif 
fraction b Kossel-Moellenstedt method. Further 
more, Hoernt and Weigle found extra reflections in 
electron diffraction patter which are given by a Table |. Classification of Segregated Graphite Specimens 


unit cell twiee as large a 1 usual one in the basal 
Recent! Lukest served graphite twin Specimen’ Temperature, 
ning and satellite reflections in his X-ray work and 
considered them as evidence for the existence of an 
orthorhombr rstructure 
Owen and S and Matuyama tudied the 
tructure of raph rystals in veral type ot 
usin hy wwder method, and the 
howed that the graphite erystal contains a certain 
amount of the #-form, an amount which varies wit! 


thre ource of the cast iron used 


K NIWA is Professor of Chemistry, Faculty of Science, Hokkaido theon was added little by little 

University, Sapporo, Japan, and Visiting Professor, Massachusetts added to the bath contained approx) 

Institute of Technology, Cambridge, Mass G SHIMAOKA is Re ( and 2.0 pet Si in the carbon-rich ma 

search Assistant, Hokkaido University +8 pet C and 5.4 pet Si in the licon-rich iron 
TP 4392E Manuscript, Aug 24, 1955. New Orleans Meeting lhese two types were held at 1500°C and then 


February 1957 cooled without graphitizing by cutting the heat sup 
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ibmitted in part ind F. Muller: Ztact Metallkunde, 1948 
a for the depree of N. A. Filin, and A. V. Shashin: Met 1940 
: pr 
cal Engineerin it and J. Burr ASM 7 1951 43, p. 873 
urn « Institut ASM if fbhook, p. 122 ASM. Cleveland, 194é 
=! 
“Ai y f this paper sent (2 copies) to AIME by Mar. 1, 1957 
“a , AIME Transactions Vol. 209, 1957, and in JourNnat or 
4 . ber 1957 
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a—Specimen C 1 


d—Specimen Si | 


Fig. |—-Transmission patterns of thin single graphite flakes. / 
were extracted from carbon and silicon-rich iron, respectively 


furnace. As the temperature fell 
came to the 
ive interval 

men blowing al 
urface in the temperature ranges shown in Table I 
thicknesses of the single flake 
The thin almost 
electron diffraction 
were 


ply from the 


‘raphite precipitate surface of the 


nolten iron at succe Graphite speci 


egregated by against the 


were 


Variou izes and 


color le 


vraphite were obtained 


tran 
tudied 


flakes were suitable for 
mission study. Relatively large crystal 
both by cleavage and powder method. For the put 
pose of cleavage, chisel from sharp point 
of steel needles were used 
prepared by drying, on 200-mesh bras 
graphite flakes that had 
down 1n an agate-mortar 

Most electron diffraction experiment 
ried out by the The accelerat 


ground 


Powder specimens were 


a su 
pension oft been yround 
were Cal 


transmission method 


Table II. Electron Diffraction Data from Fig. | 


specimen* AY Jove, Degreest 


ind ¢ were extracted from carbor 
were extracted from silicon-rich trot 


cing is the rotation angle betwee 


about 45 kv, the specimen-to 

approximately 30 or 50 cm 
calculated from the diffraction 
silver 


ing potential wa 
plate distance, L, wa 
and the LA value wa 

pattern of an evaporated film of pure 


Results 
Thin Single Graphite Flake—Typical diffraction 
patterns from thin single graphite flakes normal to 
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e—Specimen Si 2 f 


c—Specimen C 3 


Specimen Si 3 


30 cm. Specimens C _ and C 3, and Si 1, Si 2, and Si 3 


the electron beam are shown in Fig. 1. Each pattern 
three ets of N-pattern 

rotating at an angle about the 
d, and the rotation 


Liven in 


two o1 arrayed 


consist of 
as regular triangle 


center. The interplanar spacing 


obtained with these patterns are 


angle 
Table I 

The 
hexagonal in the a 
2.456A and « 6 the 
form with the 
2 §696 


to graphite by X-ray 
with the dimension a 


tructure assigned 
form 
hexa 
2 456A 


unit of the 


tructure wa 
dimension a 
10 044A” The 
in the « 


onal in 


and ¢ 


reciprocal lattice corre pond form to 


a cos 
6 


(l/a 
‘ 
and in the #-form to 
l/a 2.127A 
1/¢ 044A 
2.12 to 2.13A apree with 


Observed spacings d 


both the a tructure It is evident 
that each 


orrented 


d in 
therefore 
ingle crystal 
parallel to the flake urface 
of / about the [0001] ax) 
However, if the patterns in Fig. 1 
nore close] the following will be seen: For exam 
in the pattern of Fig. lb, a number of faint 

pots occur all over the In Fig. If each spot 
everal minute bit It seems that 
either to impurities or to 


tructure. These 


and 
pecimen consists of two or three 
with the (0001) 

and rotated at 


plane 
an angle 


ure xarmined 


patte 
broken up into 
there j ore relation 


rregularitie in the graphite point 


will be 


Diffraction pattern 


discussed later 

from the flakes inclined ob 
ive information about the 
lattice and 
a. 


diffraction 


liquely to the beam gi laye! 


arrangement in the graphite uch an 


photograph is shown in Fig pacing 


oblique 


and the ponding to the 


intensitv 
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‘ 
b—Specimen C 2 : 
15, 25 
2 2K 
22 
2 dSi 3 


Fig. 2—Oblique 
photograph of thin Be 
single graphite 


flake. The film was - a 
inclined at 45° to 

+ + + + 
the beam / a A 


50 cm 


Fig. 3a—Double dif © 


fraction pattern of 


thin single graphite 
flake | 50 cm 


Fig 3b-—-Diagrammatic representation of double diffraction 
Large circles represent spots given by primary scattering and 
small symbols indicate spots arising from secondary elastic 


scattering 


Table Il parin thie 


present data vith calculated pacin fror the 


tion patterns that did not conform to the a or B-struc- 


tructure t was observed that the pattern con ture Furthermore it appeared that a complete 
tained several extra spot which could not be <« analysis of these extra spots was almost impossible 
plained on the basis of simple a-structure. Amon Except for weak irregular spots, however, strongly 
these spots. these indeusd (161°/,.). end paired spots symmetrically disposed about the inci- 
dent spot belonged mostly to the a and #-structure 
(101°/,) must be due to A-structure, but unassigned An abnormal pattern obtained with the flake 
ind unaccountable port ‘ (101 ) or (10) ) normal to the beam 1 hown in Fig. 3a and the 
mad ¢10) ), are present The oblique photo iph pattern consists of a normal graphite pattern with 
a rotation angle of 25°, and many extra spot 
ee asymmetricall disposed about the central pot 
3 These extra spots cannot be ascribed to impuritie 
‘ge Table Il Electron Dittraction Data trom Fig. 2 but might be explained as follow 
When the clectron beam passes through the com 
leche Ninian —— posite film of two single crystals, the primary beam 
ll reveal the spot pattern of the first crystal. The 
g vind my ‘ 4 transmitted beam and the diffracted bean nearh 
irallel to the primary beam will reveal the other 
f pot patterns formed by the underlying crystal. In 
3 4 ane x electron diffraction, the Ewald sphere of reflection 
we ' o large that the sphere may be considered as a 
: : : = plane normal to the incident beam. If the two single 
m crystals are tightly bound in a thin film, a resem- 
i oie ‘ 977 blance to the actual pattern can be expected from 
a pattern constructed by translating the origin of 
oI ’ me reciprocal lattice, on the Ewald sphere, to each 
; point of the other reciprocal lattice. A schematu 
po ; lfiagram of a pattern constructed around a rotation 
' ‘ aux of 25° is given in Fig. 3b and is in good 
ivreement with the observed pattern, Fig. 3a 
; Phu t was concluded that the extra spots were 
i ‘ the esult of double diffraction, formed by two 
nele crystals of a close-packed aggregate. Accord- 
: : ngl a similar effect in case of the specimens with 
o the values would also be expected 
f Furthe electron microdiffraction studi were 
we te nvestigate the binding state of two single 
— tuls forming a single flake. Electron microscope 


hadow images and patterns of very small areas of 


Phi curved “aphuite flake ive more compl va found that the flake pecimen con ted of mall 


portions of varying thicknesse and types of diffrac- 
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: 
a | a a 
a ()x @ « 
ware 
2 
wit) thre sthve five nd) the pecimen limited with masking plate were ob- 
cated the 7 mila ‘ tro peat erved vithout changit the pecime! position It 
) cated patterns which contained many extra diffrac ee 


Fig. 4—Diffraction patterns of slightly thick single graphite flakes. / 30 cm; a—one Fig. 5—N pattern of thin flake 
single crystal, and b—aggregate of several single crystals cleaved from a relatively large graph 
ite flake. / 50 cm 


tion patterns, e.g., Kikuchi lines, Laue zones, N pat hexagonal lay abe . Fig. 6—and ha 
terns, and mixtures of these It was also observed a unit cell which the 3/2 times as long 
that jagged portions near the edge of the flake 
usually gave complicated spot patterns, while even 
continuously flat portions in the flake often gave the 
double sets of N-patterns, shown in Fig. | 

results may be taken to indicate that thin 


as that for o-graphite, with a periodic repetition of 
tbh,ab,a This structure explains why the 
occurrence the reflections of l-indices are mul 
tiples of 2/3. However, if it is assumed that the 


and #-structure coexist in one erystal, variou 


graphite flakes con ot two single crystals of a 
close-packed aggregate. Therefore, it is suggested 
that such a binding state has a close relation hip to 
growth of graphite crystals in molten pig iron 
Slightly Thick Single Graphite Flakes—As the 
thickness of the specimen increases, the contrast 


relation may be considered between these two 
ab,abhlahb « 
‘ ole Such 


order in atomic layer stacking may result in the 
between the diffraction pattern and the contimnuou 
mmation of a larger unit cell in which the c-axi 


background, given by inelastic scattering, become 


n/2 t 


times as long as the a-graphite cell, where n 


indistinct, in such a way that cleat patterns can not 
' is an integer. In the present experiment, in addition 


be observed. However, several types of diffraction to the reflections of l-indices being multiples of 2/3, 
fairly trong reflections of the othe fractional 


Kikuchi lines and bands, and background without ma . 
value uch as | 5 2 2 3/4 


diffraction pattern) were observed, to the extent ( 3 1/4) and 5/4 { ) 1/4) were observed 
Table IIL Finch and observed similar re 


flections of fractional l-indice in electron diffrac 
tion of Ceylon graphite (using thin films about 20A 


patterns (e.g., one or two sets of N patterns, faint 


that the electron beam penetrated the specimen 
Some specimens gave nearly complete N-pattern 
with a single crystal arrangement, Fig. 4a, but many 
of them showed an aggregate of several singl 
crystals with a common [0001] axis rotated within 
a few degrees of 3 about the [0001] ax 
Fig. 4b. Although quantitative measurements of the 
thickness of these specimens were not performed, 
it would appear that the thicker films would have 
a structure that is closer to that of the single type 
Thick Single Graphite Flakes—If cleavage pro 
ceeded smoothly, thin films cut from well developed, 


thick) and called them secondary reflections, equiva 
lent to fractional order of normal Laue indice 
Which they thought was the result of the thinne 
of the 1 tal. However, the pecimens used in the 
present experiment were confirmed by electron 
microscopic method to be much thieker. Furthes 
more ince similar reflections were observed in the 
powder pattern, which gave little evidence of ab 


normal diffraction t ma be concluded that) the 
relatively large graphite flake howed a complete ingle graphite flakes con 


N-pattern, Fig. 5, and the slightly thicker films a nae al 
Kikuchi line pattern. On the other hand, filn 
damaged during cleavage and thick graphite flake 


powder pecimen howed diffraction ring indi 
cating a mixture of « and f-structure and several \ 


ordered structure 


B 
extra diffractions, such as (101°/,) or (101 ) and 
(101 /,) 
From these results, it may be concluded that the 
well developed relatively large flakes are composed 
of one single crystal in which the stacking sequence 
of each atomic layer is not completely regular 
In addition to those flake types already described 
there were some cases where an entirely different 
powder pattern was observed. This pattern con 
isted of rather diffuse continuous rings next to the / 


/ 
pot-bearing graphite ring indicating that 


\ 
extra rings might be due to impurities. Th rigi / 
of these impurities will be discussed whet 


Discussion Fig. 6—Arrangement of atomic layers in {i graphite. Lines 
Lipson and Stoke howed that the represent: solid, layer a; medium dashed, layer b; and light 


8-graphite consists of a repeating unit f iW dashed, layer c 
I y 
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a 
i 

\ 

\ 

] 


microdiffraction study) that these new 
the result of double diffraction which 


two single crystal f a close-packed 


the other hand, the reflection of (1/2 0 0) o1 
20) indices, reported by Hoerni and Weigle 
rved when irregularities in the hexa 
plane existed some pecimen aggres 
atellite reflections that were observed by Acknowledgments 
and some showed an aggregate structure The authors wish to express their 
1 wil i the basal plane rotated j mall angle Shizuya Maekawa of The Muroran Work Japan 
ibout th ux Fig lf and 4b. Furthermore Steel Works Ltd., who provided the facilitie for 
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‘ 


vratituce to 


ibed, considerable di preparation of the graphite specimens used 
al plane may be expected. Furthe authors also thank Taro Takeyama, Faculty 
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Some Estimates of the Thermal Stability Of 
Dispersion-Hardened Alloys 


The mechanism of overaging 1s explained, and the time is estimated in which struc 
tural changes should occur in alloys hardened with Ni,Al, Al,O,, Fe,C, TiC, and TiN 
It ts found that particles of the intermetallic, carbide, or nitride of 200A radius would 
dissolve at 1340°F in a nickel-base matrix within minutes or hours while the size of the 
oxide particle would not change appreciably within several hundred years. 
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Table | 


Temper 


Hardener Matrix ature, °K 


Results of the Calculation 


Element 


aged at a temperature at which precipitation 
akes place. If the aging continued fut 
ther, the distance between the precipitated particle 
value and the alloy be- 


called 


treatment | 


increast above a critical 


which ts over- 


again, a proce 


core oft 
aving 
Mott and Nabarro’ have explained this phenome- 
basis of dislocation theory. The alloys 
oft in the quenched and in the over- 
distance between the 


too small or too large 


non on the 
are relatively 
aged condition, because the 
dispersed particles 1s either 
to impede the dislocation motion effectively. How- 
ever. if the distance between the parti les is of the 
pacings, the alloy should be rela- 
according to this theory, moving 


are then most effectively 


order of 50 
hard 


dislocation 


since 


tively 
topped by the 


precipitate 

The service temperatures of existing prec ipitation- 
hardened high temperature alloys are often In the 
structural changes can 
trength of such alloys 
often rathe! 


range where over-aging and 
take place. As a result, the 
may be initially high, but decreases 
rapidly at longet periods of time. Thi 
reasons for the relatively 
uch alloys. Thus, 
of dispersion-hardened al 
It is the object 
factors that 
made to 


is probably 
short high 
the question 


one of the 
temperature life of 
of the thermal stability 
loys is of great practical importance 
of the present paper to describe the 
yovern this proce Also, an attempt 1s 
the time in which over-aging should oceut 
of the most common hardeners of exist- 
iron-base high temperature alloys 


estimate 
with 
ing nickel and 

and with ALO, a 


hardene! 


Mechanism of Over-Aging 
To explain the mechanism of over-aging, a 
of the intermetallic compound Ni,Al, which 
Inconel 


pre- 


cipitate 

the principal hardene! 
KX 550. Inconel 700, and Superiot! Waspaloy, will be 
used as an example. When the alloy Is aged to max- 
imum hardness, the distance between the dispersed 
; is probably of the order of 50 atomic spac- 
therefore, 

ince the 


in such alloys as 


partich 
ings and the 
probably of the 
content 1 


diameter of the particle 
order of 25 
venerally of the order of a few 
A certain fraction of each pat 

aluminum atom 
Since the 
with de- 


pacing 


hardene! 
pel cent by volume 
ticle di 


which di 


matrix 


and 
base matrix 


ociatt into ni kel 


olve in the nickel 
olubility for aluminum 
Ni,Al particle size, there 1: 

maller and larger particle A 
diffuse through the matrix 


larger one and combine 


increase 


creasing a concentration 
gradient be tween 


a result, aluminum atom 
mall parti le to a 
provided the 
diffusion can occur readily In thi 
manner the Al particles slowly di solve 
while areel particle prow, and the alloy finally 
over-agt It is a that the controlling 


proce l the diff ision 


which ha 


from a 
with the 
high 


particle temperature 


large! 
o that 
maller Ni 


imed rate 


the lowest diffusivity 


aluminum) 
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of the element (in this case 


maller pat 
way. Let a 


The time required for solution of the 


timated in the following 


pherical parts le 


ticle can be e 
in Fig. 1 be the radiu 
of initial radius a,; ¢, the 
initial radius c,; and b, the 
of the small particle to the 
particle. According to the Thomson 
lation.’ the concentration u of the diffusing element 


of a small 


radius of a larger one, ol 
distance from the cente! 
urface of the large 


Freundlich re 


at a is then 
i(a) 


n which uw is the concentration of the diffusing ele 


ment in equilibrium with a partie le of infinite radius 


2M, 
RT p 


The y is the interfacial energy pel unit area between 
and the matrix; M 1s the moleculat 
density of the 
absolute 


at ot 


the particle 
weight and p, the 
and T, the 
the concentration 


particle; R the ga 


constant temperature. Similarly, 


u(b) 
In [3] 
radially from 
urround it, we 


Since atoms should generally diffuse 
a small particle to larger on that 
hall use the spherical diffusion equation 


although the order of 
in both cases 
from the 
the time 


mall pat 


rather than the linear one, 
maypnitude of the re ults is the 

D is the diffusion coefficient; 7, the 
mall particle, Fig. | 
in which a 


distance 


center of the and t, 


The total time ft, in 
ticle dissolves, is usually large compared to the dif 
fusion times b'/D. We teady 
tate diffusion equation 


econd 


can. therefore, use the 


olution of thie 


utr) 


where the constants A and B are determined from 


the boundary and 4 


conditions, Eqs. 1 


bub) 


relationship indicated in Fig 1 on 


that the 


The u-T 


assumption concentration of 


matrix 
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initey 


total 


rating from a 
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Discussion of Results 
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which 
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\ppendix 
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cementite is the least 
Ni,Al, TiC, and 
these compound 
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hout While an ALO, pa 
last than a thou 
ticed in Table I that the 

table at 15 
at 1000 K (13 
to the low 


ition were ¢ 


the lot 
tabl 


TiN are me 
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les of 
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more 
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hiffu elernent neu i ‘ ticle near! A i i im ol ict expre lor Neverthel 
‘ ‘iil rie ria concen u on Tit al ita Ol it La i 
‘ +} ty tut of tl 
on ty The amount of material that transported iil vould not change, whereas il were small, the 
4na por 1 i It noticed f om > that the tume required tor 
‘ 
olution Of a particle depends vel 
riitial size It is found, afte: ibstitut 
da all the constants, that Ni,Al particle: 
pas “a j miei be equa a 
dt the order of SUA Will probably be ad 
ipidiy, while tuke much longel 
Pyne hich the amount of material that has disay olve a particie of the order of a few 
uy 
peured from the mall particle in that time The ze will, therefore 
quit the first stages of aging 
whenever the average 
dt py a a 
on, l and 34, for the range of 
by the function 
Ad 
(a) ou (1 ) 
a 
' 
( 
ver clotine through the relation 
i (a) (a) 
a 
4 a? 
lead to « and case 
terest 
ctions by the 
t O, we 
j 
‘ 
au 
wn 
a 
| 
The {is of [oor larger than about 
percent 
pared 
can be resi the light microscope will be Phe solubili f oxygum 
4 


AF of the 


from the standard free energy change 
reaction 


2 4 
— Al,O, Al + 20 [6] 
3 3 ? 
u(r) 
As is ordinarily done when writing such reactions ~ 
the symbols of elements in solution are underlined, c 
and the standard state of the solute is taken as 1 
wt pct c 


The AF, can be derived from the free energy 
AF, of the reaction 


2 4 
Al,O, Al +O [7] nk / 
3 3 4 
b \ / 
which has been reported’ to be AF 220 keal at Distance r 
1000°K and from the free energies of solutions of 
aluminum and oxygen in nickel. The free energy Fig. 1|—Concentration as a function of distance between a 
AF, of the reaction small and a larger particle 


4 
Ni,Al 4Ni + — Al [8 | O x”) 


can be estimated® from the measured heat of forma- is obtained. and AF 55 kcal. Finally, aF,° i 
tion:* AF, 49+ 5 keal at 1000°K AF, of the found by adding reactions 7, 10, aad 13 \F 
reaction 112 +5 keal 

, Ni,Al = 4Ni 4 4 Al (9] The equilibrium constant of reaction 6 Is 

: 3 


at 1000°K is taken from the Ni-Al phase diagram 
using the relation 


AF, — RT Ina, — RT Ine, 3.7 keal 
3 3 The ALO, is of substantially constant composition 
and its activity may be taken as unity. The activity 
The error introduced by substituting the activity of aluminum in solution in nickel is of the order of 


unity, since the standard state was taken as | wt pet 
the solubility of aluminum is of the ordei 
oxygen concentration is low, the 


of aluminum in solution in nickel a,, by the weight 
percentage of aluminum ¢,, is small since the solu- and since 
bility of aluminum at 1000°K is only 4 wt pet and of 1 pet. As the 
since the standard state was taken as 1 wt pet. The activity of oxygen may safely be taken as equal to 
\F.° of the reaction the weight percentage. Hence, K u 10’ or lop 


14 if the 


free energy 


relation 


[10] log K 


is then found by subtracting reaction 9 from re is used. It is not likely that the derived u_ is off by 


action 8 
AF.° 53 +5 kcal more than a factor of 10 from the actual value. Such 


an error is negligibly small since it would change 
the total time t by only an extremely small fraction 


The free energy of solution of oxygen in nickel Is 
derived in a similar manner. The AF,” of the reaction 
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of the reaction 
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from reaction 11, the reaction 
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Grain Growth of Titanium Carbide in Nickel 


The infiltration technique was employed to study the grain growth of titanium car- 
Three successive stages of growth were observed; formation of 


bide in liquid nickel 

idiomorphic grains, spheroidization accompanied by rapid growth, and a period of coales- 
cence and closer packing of the carbide grains. The primary mode of grain growth ap- 
pears to be by dissolution of high energy surfaces, transport of carbide through the liquid 


phase and isothermal redeposition 
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of 5000 particles. Chemical analysis was conducted 
by the laboratories of the Titanium Alloys Mfg. Div., 
National Lead Co. Titanium carbide powder grade 
Nos. 1, 2 and 3 were prepared by the are melting 
of pigment grade rutile with an excess of carbon, 
crushing the product to 325 mesh, leaching to 
remove iron and other contaminants and finally 
lowering the free carbon content by a flotation 
Grade 1 powder was the as-received prod- 
uct from which grades 2 and 3 were derived. These 
finer particle distributions were obtained by a simple 
remove the coarse! 


process 


laboratory sedimentation to 
fractions, followed by 


Grade 4 powder was presumably manufactured in 


a drying operation at 60°C 


a menstruum type process and was used in the as- 
received condition. This powder was almost spher- 
ical in shape and it was hoped that despite the vari- 
ation in manufacturing technique some information 
on the effect of particle shape on the rate of grain 
growth might be ascertained 

A skeleton body of each of the titanium carbide 
was made by pressing the powder without binder o1 
lubricant in a tungsten carbide lined die 24% x '4 x 
¥4 in. at a pressure of 1 ton per sq in. and sintering 
at 1400°C for 1 hr in a carbon tube induction furnace 
ata vacuum of about 10 “mm. Each of these specimen 
was then cut into '%4 in. cubes for infiltration. This 
pecimen size was chosen as the smallest that could 
conveniently be examined metallographically. The 
small size was employed to minimize any tempera- 
ture gradient and time lag due to penetration rate of 
the infiltrant. As far as could be detected, the in 
filtrated structures were uniform throughout the 
section 

The infiltration was conducted in a furnace simila: 
to that used for sintering at a vacuum of le than 
100 » Hg. The titanium carbide body was placed on 
a beryllia support plate and the infiltrant allot 
ment, in the form of cuttings of electrolytic nickel 
sheet, was placed on top of the porous carbide skele- 
ton. The infiltrant allotment wa elected so that 
the ratio of carbide to nickel was 50 pet by 
weight. The entire assembly wa 
melting point of nickel within a period of 15 min 
The temperature was measured optically. Melting 
occurred in all cases at 1450° to 1460 C. Tempera- 
ture was controlled at the level of incipient melting 


about 
heated up to the 


r 


within +5°C 


Fig. 3—Micrograph of grade 2 titanium. carbide infiltrated 
with nickel for 10 min; etched with Marble’s reagent. X750 
Reduced approximately 25 pct for reproduction 
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Fig. 4—Effect of time of infiltration with nickel upon the 
standard deviation of the grain size distribution of titanium 
carbide 


Metallographu nickel-intil 


trated carbide 


preparation of the 
pecimens was made by sectioning, 
mounting in Bakelite, grinding and polishing through 
0 to 3 » diamond paste 

Representative X500 micrograph 
make the 
changes in microstructure that occurred 
analytical methods are discussed in a variety of 


and will not be detailed here 


were used to 
tatistical measurements to describe the 


The exact 


reference 

Four basic parameters were chosen to describe the 
tructure of the titanium carbide phase in terms of 
quantitative mathematical value 

1) A 
eter. The 
for uniform 
used by Gurland and Norton 

2) The logarithmic standard deviation of the di 
tribution of particle sizes (Le 

3) A coefficient describing the shape of the par 
ticle. A factor of 
the ratio of the 


tatisticul measure of average prain diam 
tatistical that derived 
pherical particles by 


ize employed wa 
Pullman” and 


particle diameters ) 


pheroidity was used which wa 
urftace area of the carbide grains to 
the surface area calculated for spherical grain 
equivalent diameter 

4) The volume fraction of carbide phase present 
imply derived from the principle of equality of 


point, line, area and volume fraction 


Experimental Results 


The grain growth of titanium carbide in nickel 
can be described in three successive stage 
1) Tendency toward Idiomorphism Thi 
everal way Fig. 1 show 
l carbide after 1 min in contact with molten nickel 


period 
is evidenced in the prade 
The grain in the center of the micrograph is typical 


of many grains of the same type in the specimen 
This rather coarse carbide contain ome typically 
rugged crushed surfaces and some idiomorphic face 
which are a result of intererystalline cleavage in 
crushing of the titanium carbide melt. Iti 
that solution of the talline 
curring preferentially 
On the other hand the finer 

fraction ha 


as evidenced by powder examination before pros 


apparent 
nonery urfaces is 
carbide powdet 


virtually no crystalline faces remaining 
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Fig 5-—-Micrograph of grade 2 titanium carbide infiltrated 
with mickel for 20 min; etched with Marble’s reagent. X750 
Reduced approximately 30 pct for reproduction 


‘ ing, and in Fig. 2 which show 


after | min of infiltration. The marked formation 
of idiomorphie grains after 10 min of infiltration can 


the grade 2 carbide 


i 


be seen in Fig. 3 
During thi tave, as well us the succeeding one 
ize distribution occur 


logarithm 


a narrowing of the particle 
This can be seen in Fig. 4 where the 
tandard deviation of the carbide’ grain ize 1 
plotted against time of infiltration. The major de- 
crease in the spread seems to occur within this initial 
period, This trend is clear in the case of the mate- 
rials with the widest initial distribution, that 1 
prades | and 2; see Table IL. Iti 
the broader the starting size distribution, the more 
pronounced the change in the standard deviation 
2) Rounding and Growth Period Thi tape 
which takes place between 10 and 20 min of infil- 


tration at these 


also auppare nt that 


characterized by 
rapid growth. The 


temperature 
pheroidization accompanied by 
typical changes that occur are illustrated by com- 
parison between Figs. 3 and 5, showing the structure 


2 nickel-infiltrated specimen after 10 and 


ofa prade 


Table | Analysis of Titanium Carbide Grades 


Carbide Grade 


1, Are Are 1, Are i. 
Melted Melted Melted Menstraum 


(hemical Composition 

rit 70 80 07 
Combine 19.07 7 7 19 46 
Pree Cut ow om 
002 
‘ 1.5 158 0 42 
Site Analysis, Pet by Count 


20 min of infiltration, respectively. Fig. 6 shows the 
increase in average size during infiltration for all the 
carbide grade The major increase in size occurs 
during the period of spheroidization 


The coetlicient of spheroidity, mentioned in the 
experimental method, is plotted vs time of infiltra- 
tion in Fig. 7. The curves for grades 1 and 2 show 
au typical steep increase in the 10 to 20 min period 


These carbides also show a small increase in the 


pheroidity coefficient initially, as the rugged as- 
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Infiltration Time, Minutes 


Fig. 6—Effect of time of infiltration with nickel upon grain 
size of titanium carbide 


crushed surfaces become idiomorphic and thus have 
lower surface area. In view of the similarity of grade 
3 carbide a curve of similar shape was drawn for it, 
although only three experimental points were ob- 
tained 

The curve for the grade 4 carbide shows interest- 
ing characteristics relating to the stage of idio- 
morphic grain formation, as well as the rounding 
and growth period. The starting carbide material in 
this case consisted of substantially spherical particles 
which after 1 min in contact with molten nickel had 
already undergone considerable changes and become 
more angular. With continuing infiltration time up 
to 10 min the coefficient of spheroidity decreases as 
the grains tend to become idiomorphic, thus illus- 
trating that the surface energy can be lowered de- 
pite an increase in interfacial area. Continued 
grain growth finally results in spheroidization again 
as in the case of the other carbides 

3) Period of Increasing Carbide Concentration 
After the second stage, growth of the carbide comes 
virtually to a standstill as can be seen in comparing 
Fig. 8, which shows the grade 2 material after 1 hr 
in contact with molten nickel; with Fig. 5, which 
shows the same material after 20 min. Measurement 
of the carbide structure revealed an increase in car- 
bide concentration of about 8 pct in grades 1, 2 and 
4 during the period of from 20 to 60 min of infiltra- 
tion 


Discussion 

Three modes of grain growth for tungsten carbide 
in cobalt have been suggested” and, in view of the 
similarities in the phase diagram of the titanium 
carbide-nickel pseudo-binary diagram’ with the 
above system,” it seems reasonable to discuss the 
phenomena observed in light of these mechanism: 
1) grain growth by isothermal dissolution and re- 
deposition, 2) solution and reprecipitation in cooling, 
and 3) growth by coalescence of adjoining carbide 
grains 

For the most part, grain growth of titanium car- 
bide infiltrated with nickel occurs by the mechanism 
of dissolution of high energy surfaces, transport of 
the carbide through the liquid phase and redeposi- 
tion on existing grains to realize a condition of 
lower interfacial energy. This phenomenon is mani- 
fested initially by preferred dissolution of non- 
idiomorphic surfaces and the formation of grains 


TRANSACTIONS AIME 


é 
2 5 20 50 0 
if 
a 
4 
+ 
19 289 28.5 
to iva of 01 126 
10 te 01 o4 
te 50 4 
| 


tending toward cubic or rectangular shapes. During 
this phase little grain growth occurs 

It is plausible that the formation of idiomorphic 
grains does not take place by growth, but occurs by 
solution of the highest energy regions until the 
binder becomes saturated. This hypothesis is partly 
substantiated by the fact that grain growth is limited 
during this stage. Furthermore, the size of the idio- 
morphic grains seems to be closely related to the 
maximum starting size. Thus those materials with 
the widest starting size distributions appear to grou 
the most during the first stage since the average 
size increases. For example, the grade 4 carbide, 
which had a very narrow initial distribution, ex- 
perienced essentially no growth during the forma- 
tion of idiomorphic grains, while grade 1, with the 
widest size distribution, had a rather substantial 
increase in average size. It seems reasonable to 
assume, then, that this stage is a dissolution phe- 
nomena and is in keeping with the Gibbs-Thomson 
surface energy relationship 

The second stage of rounding and growth to form 
the spheroidized structure typical of these composi- 
tions can be explained as an attempt to lower the 
interfacial energy by a minimization of surface area 
It occurs in the liquid phase sintering of most cubic 
metals.” 

This stage of growth represents a significant de- 
parture from the behavior typical of cobalt cemented 
tungsten carbide. Gurland” has shown that in the 
latter system isothermal dissolution and redeposi- 
tion is the primary mode of grain growth, just a: 
this investigation has indicated for titanium car- 


18) 20 
Infiltration Time, Minutes 


Fig. 7—Effect of time of infiltration with nickel upon round 
ing of the titanium carbide grades 
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Fig. 8—Micrograph of grade 2 titanium carbide infiltrated 
with nickel for 60 min; etched with Marble’s reagent. X750 
Reduced approximately 30 pct tor reproduction 


The difference in the behavior of the 
of the crystal 
Tungsten carbide } 


bide-nickel 
two systems can be explained in term 
tructure of the carbide phase 
a simple hexagonal structure and therefore might be 
expected to be strongly anisotropic. In this case 
interfacial energy cannot be minimized by lowering 
the interfacial area, since the unit interfacial energy 
of the few densely packed low index planes is much 
lower than that of the other crystal planes. On the 
other hand, the less anisotropic cubie titanium cat 

from 


more uniform energy 


plane to plane and therefore rounding can occur, The 


bide possesse 
round grains need not be round, in the sense of po 
essing vicinal faces, but may consist of submicro 
copic steps of relatively low index faces.” Thus the 
minimum interfacial energy | 
ystems by the formation of different 

The third 


grains become more closely packed, is a result of the 


realized in the two 
tructure 
tage, in which the titanium carbide 
urface tension forces. This has been used to explain 
the shrinkage in 
reasons for densification of the titanium carbide 


intering of tungsten carbide. The 


plane in nickel is somewhat different since no void 
were present. Silverman” has also observed a 
effect in infiltration of titanium carbide with certain 
cobalt alloy 

During thi 


to one another undergo coalescence 


favorably oriented 
Fig. 


the coalescence period grain growth proceed 


tage certain grain 
During 
very 
lowly, indicating that this mode of grain growth 


is relatively unimportant 


Conclusions 
Preliminary work on the grain growth of titanium 
carbide in nickel has indicated that the 
mechanism is by dissolution of high energy 
and isothermal redeposition to minimize interfacial 
energies. It ha uggested that although lower 
ing of interfacial energy is the basic driving force 


primary 
urface 
been 
for the development of a certain structure, this eri 
terion can be realized in different mannet 
ing on the particular system involved. In order to 
understand and control the development of certain 
structures of theoretical and practical importance 
better, it would be desirable to investigate a number 


depend 


urface enerpy 
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train 


of cogent factor uch as the role of 
and its anisotropy; how thi 
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the mechanism of diffusion in 
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rength of Silver Brazed Joints in Mild Steel 


An investigation was made of the dependence of the strength of silver brazed, low 
carbon steel joints on the geometry of the joint. The experimental results indicate that 
for cylindrical test specimens having transverse brazed joints, the ultimate tensile strength 
is really a linear function of the thickness to diameter ratio rather than only of the 
thickness of the filler metal for constant specimen diameter 


by W. G. Moffatt and J. Wulff 


joints and their strength have for some the brazing material itself by many times continue 
een eat practical as well as theo to be of interest and of value in engineering. That 
good summary of the previou this is qualitatively due to plastic constraint of the 

may be found in the reports of the brazing material by the faying surfaces of the base 
reh Foundation. In spi if excessive metal is not in dispute, yet no complete interpreta- 
fact that the trength of tion of the data exists. The purpose of the present 

exceed the ultimate trength of work is not to provide such a new interpretation 

but to report new experimental data which we hope 
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Diameter of a joint has seldom been taken into 
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Table |. Experimental Test Data* 


Silver 
Thickness, Diameter 


Area. Sq 
In ! 


0 0026 
0 0026 


0 5296 


0 2678 
03290 


0 5640 
0 1988 


0.2800 
0.3429 
0.1706 


00019 


0 0020 


0 6486 

0 6000 

0 4982 

0 3995 
O18 
O18 
O18 
O18 

0.125 

040 00771 

040 0 4000 

0 040 

0.040 

0.040 

0.040 


0 1408 


0.3197 0802 
0.1520 0.0181 
0 2001 0.03914 


0.5030 in.; area, 0.1987 sq in id load, 6,125 


* Blank 
strength 


diameter 
7,100 psi 


Comments 


2.450 
54.250 


26,000 


18.000 
24,850 


+456 


and Baldauf 
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diametet 


account save in the work of Meissnet 
Fo. adhesive 
strength dependence on the thickne to 
Fo oldered with Pb-Sn, the 
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compounds at the 
and 


metal joints made with find a 


ratio bra relation 
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basis metal interface and in part to gas pot ket 
inclusions. That it should also obtain with 
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‘ormation of intermetallic 
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forma 
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tion of intermetallic compounds, |! also 


by the Prandtl the 
evlindrical specimen between the platens of u pre 

Assuming perfect sticking, th hows that 
the stre and is a function of ratio of thick 
ness to the slab. The latter work a 
and Meissner and Baldauf led 
beheve that in the case ol 
needed 


analysis fo! compression of a 

analysi 
varie 

diameter of 

well as that of Bredz 

the present authors to 

brazed joints new experimental re sults were 


Experimental 
rolled 
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metal used in this work hot 
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Brazing carried out in a resi 
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SAE 1020 
material 
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of purified hydro 
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cooled to 
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The 
room temperature to 1100°C 


gen pecimens in both cases wer 


and slowls 
room temperature 
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flat and and 
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In order to insure 
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214x2% in. Before prinding, a 
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diam hole wa 
twelve 
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{ round flat W ith 


center of 
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finish of 
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men No In fe 
0.2203 0 0049 11,550 0.871 Flaw ente 
A-2 0.3476 0 0949 0 0075 5.150 | 0 921 
A-3 0.1578 0.0196 0.158 ge flaw edge to cente 
A-4 0 0026 0.3182 0.0795 0082 4.240 54,550 
A-5 0 0026 0.3550 0 0990 0 007 240 52,950 0 88 
0 0026 Broke in machining 
A-7 0 0026 0.0563 0 0097 14.150 
B-1 0 0055 0 0850 0.0167 4.400 0.600 0 820 
B-2 0.0055 Broke in machining 
B-3 0 0055 0 2498 0 0098 12.800 51.250 R38 
B-4 0 0055 0.0310 O27¢ 1460 47.100 072 
B-5 0 0055 Broke in machining 
B-6 0 0055 0.0616 0 0196 170 1.450 
0 0055 0.0925 00160 4.560 49,400 787 
B-8 0 0055 0 0229 0 0422 1.090 47. 0.737 
C-l 0 0007 0 6352 0.3169 17 4.750 0 
C-2 0 0007 0 6797 0.3628 0.0010 19,4650 4,150 
0 0007 0 4645 0 1604 00015 9.150 4.000 
C-4 0 0007 0.3748 0.1103 1.970 4.150 og 
C-5 oO ( 447 0.0933 050 
D-2 15.150 0 90 Flaw center 
D-3 10.550 14.150 0918 ‘ center 
D-4 6.840 4.600 
D-5 4.100 
1 700 a2 
2 » 49,500 0 789 
19.100 0 5902 
4 1.480 44.000 0645 
41,850 oom 
6 40,100 0529 
9.00 45,05 
2 200 42,100 584 
4 oso 471 
6 ) 1 0 34 
- 
: 


Fig. 1—IIlustration of manner 
in which large steel blocks 
were assembled for brazing 


(b) 


b) Assembly for thick joints (0.020 and 
0.040 in.): no shims used, but cylindrical 
at four corners as shims, silver wire was projection on upper block machined off 
introduced im vertical reservoir in upper until proper joint spacing was achieved; 
block and both blocks were luted with a silver wire was introduced in vertical res 
ervoir in upper block; and joint periphery 
was luted with a colloidal graphite sus 
pension 


a) Assembly for thin joints) molybdenum 
wire of thin sheet molybdenum was used 


colloidal graphite suspension around the 
periphery of the joint 


vreased. They were all pulled in tension using the 
ame crosshead speed. In all cases the maximum 
load was measured. The failure of small diameter 
pecimens with thick joints occurred at low loads 
Indeed, after the ultimate load was reached the 
applied load dropped so rapidly that the load at 
failure could not be measured with any precision 
For larger diameter specimens with thin joints, the 
fracture load and the ultimate load were practically 
identical. Data obtained are given in Table I, and 
plotted in Figs. 2 and 3 
Examination of the fracture joints in the case of 
thin joints indicated that failure always occurred in 
the center plane of the silver joint. The appearance 
of the fracture is shown in Fig. 4. Where the t/D 
ratio was very small (thin joints) the silver of the 
joint could be observed to neck before yielding of 
the steel could be observed. When the steel began 
Fig 2--Plot of «, ultimate tensile strength of brazed joint, to vield. as determined visually by the change in 
vs t/D, the thickness to diameter ratio of the brazed joint appearance of the highly polished urface of the 
the immediate neighborhood of the one point shown and 
cannot be separated on this graph 


place at stresses considerably in excess of the yield 
point of the steel 


Discussion and Conclusions 

It is evident from Fig. 2 that a straight line can 
be drawn through the experimental points using 
ultimate tensile strength of the joint, «, as ordinate, 
and thickne to diameter ratio, t/D, as abscissa 
For a series of bars having constant joint thickness, 
u straight line can also be drawn using ultimate 
trength of the joint, o, as ordinate and reciprocal 
of diameter, 1/D, as abscissa. The overlap of values 
of t/D chosen, and the ultimate tensile strength ob- 
erved at those values, indicate that the same 
trength may be achieved with different joint thick- 
nesses provided the ratio t/D is the same, i.e., if the 
joints are geometrically similar. It should be noted 
that the joints having thicknesses of 0.0006 and 
0.0007 in. could not all be plotted because of crowd- 
ing and that actually a cluster of points exists nea! 
the o axis on Fig. 2. These are within 5 pet of the 
ultimate strength of the steel. With a steel or base 
material of low ductility, if perfect wetting and 
freedom from gas pockets are achieved, the strength 
of the joint hould be expected to approach the 


Fig. 3—Plot of the dimensionless quantity a vs thick 


ness to diameter ratio, t/D, of the brazed joint ultimate strength of the base material 
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Fig. 4—Two views of fracture 
surface of test bar E-1, show 
ing the considerable amount of 
necking of the brazing mate 
rial encountered in this work 
This bar had a joint thickness 
of 0.018 in. and an original di 
ameter of 0.4620 in., and failed 


at an_ ultimate 


50,700 psi 


The straight line relationship shown in Fig. 2 may 
be replotted so that both coordinates are dimension- 
less as in Fig. 3. There, the ordinate is the quantity 


, where o is the observed ultimate stress 


withstood by the joint, a, is the ultimate strength of 
the filler metal and a, is the ultimate strength of the 
base metal. This dimensionless ratio indicates that 
fraction of the total difference between the ultimate 
strengths of the base metal and the filler metal 
which the joint is supporting in excess of its uncon- 
trained strength 

In conclusion, the experimental work reported 
indicates that the ultimate tensile strength of low 
carbon steel joints brazed with pure silver is not 


merely a linear function of the thickness of the 


strength of 


joint, but is also a linear function of the ratio of 
thickness to diameter 
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Flaking of Heavy Alloy Steel Sections 


In this investigation, potential antiflaking cycles were tested. A 15-ton experimental heat of 
Cr-Ni-Mo steel was produced in a basic electric furnace with an abnormally high hydrogen content. 
The proposed cycles were then applied to this steel. As a result, an antiflaking cycle which was 
primarily an isothermal transformation in the pearlite range produced flake-free steel forgings in 
spite of extremely high hydrogen content. Proposed cycles in the bainite range were not successful 
primarily because a 100 pct isothermal transformation in this range was not attained. Sound forg 
ings from this experimental heat of steel that were previously produced flake-free by the use of 
appropriate antiflaking cycles were severely flaked by subjecting them to a subsequent heat treat 
ment. Evidence is presented which shows the profound effect of transformation stress on the pro 


pensity to flaking. 


by C. R. Garr and A. R. Troiano 


LAKING or hair-line crack formation has been a 
major problem confronting the producer of large 


alloy steel forgings.’ Today it is generally conceded 
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that hydrogen in one or more forms in alloy steel 
ections 1s a requisite for flaking. Hence an obvious 
remedy is a thermal cycle that reduces the hydrogen 
content to some low level. In practice, this generally 
means holding the material at some subcritical tem 
perature for a period of time depending on the size 
Another method that will 
to cool large forgings slowly, 
hydrogen bake 


of the ingot or forging 
uffice in some cases is 

1.e., bury in ashes 
is sometimes accomplished inadvertently by a series 


In practice, thi 
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Fig. |—Transverse slice of block No |, surface ground and macroetched. Subjected to treatment A 


Fig. 2-Transverse slice of block No 7, surface ground and macroetched Subjected to treatment C 


Fig. 3—-Micrograph showing flake in block No. 2 Etched Fig. 4—Micrograph showing flake in block No 7. Etched 
with 3 pet Nital X200 Reduced approximately 25 pct for with 3 pet Nital. X200. Reduced approximately 25 pct for 
reproduction reproduction 


Fig. 5——-Transverse slice of block No 5, originally produced flake free and recycled to produce flakes. Surface ground and macroetched 
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of homogenization and tempering treatments. How- 
ever, it should be noted that these treatments are 
not always successful in preventing flakes, particu- 
larly in the case of large forgings. The time required 
for the baking period may be prohibitive and there 
is evidence occasionally to cause doubt about the 
of the baking treatment 

econd possible remedy becomes ap- 


effectiveness 

However, a 
parent when all the factors required for flaking are 
considered. In a recent publication by Dana, Short- 
sleeve and Troiano, it was shown on a laboratory 
cale that hydrogen alone will not cause the con- 
ype of flaking but that a combination of 
transformation stress and hydrogen is required 
Therefore, if a steel section can be heat treated so 
that transformation stresses are eliminated, flaking 
will be prevented regardless of the hydrogen con- 
tent of the steel 

The objectives of the investigation presented in 
this paper are primarily to answer the following 
two questions: 1) if antiflaking procedures can be 
developed for commercial practice by extension of 
these recent laboratory results; and 2) if steel sec- 
tions that were previously subjected to these treat- 
ments and are flake-free can be flaked upon subse- 
quent heat treatment 


ventional 


Material and Procedure 
to determine the applicability of anti- 
to commercial practice, it became 


In order 
flaking treatment 
desirable to produce a heat of flake-susceptible alloy 

teel following conventional mill practice. The only 
deviation from mill practice was to devise 
method to introduce an unusually high hydrogen 


some 


content into the steel 

A 15-ton heat of steel was produced by the Mid- 
vale Co. of Phila. in a basic electric furnace. The 
chemical composition of this heat was as follow 
0.45 pet C, 0.74 pet Mn, 0.27 pet Si, 1.83 pet Ni, 0.95 
pet Cr, 0.28 pet Mo, 0.010 pet P, and 0.011 pet S 


The steel was produced with a high hydrogen 
content (10 cu cm per 100 g) by injecting steam 
into the heat after the oxidizing period was com- 


introduction of manga- 
introduced by 


pleted and again after the 
chromium Steam wa 
diam steel pipe under about 90 
plunged below 


nese and 
means of a in 
lb of steam pressure. The pipe wa 
the surface of the liquid metal and moved back and 
forth A below the 
surface of the molten metal with a pronounced boil 
This violent action appeared to cause considerable 


noticeable reaction occurred 


electrode erosion and hence increased the carbon 
content of the heat 
desirable to prevent the flushing action of 


concomitant decrease of hydrogen 


It wa 
a boil with the 
To prevent this, the removal of oxygen wa 
plished by intermittent additions of ferro ilicon to 
the bath during the period of steam introduction 
The final chemical composition of the heat make: 
it evident that large amounts of this silicon were 
oxidized in preference to the carbon. The total time 
The teeming of 
and there wa 


accom 


of steam introduction was 70 min 
the heat occurred without incident 
no activity in the ladle 

Three ingots were produced a 
corrugated, 20,000 Ib; 2) 19 in 
and 3) 13 in. dodecagon, 3,100 Ib 
olidification of the ingots in the mold, a 
apparent. As a result of 
of the sink heads o1 
were essentially 
hrinkage but 


follow 1) 26 in 
octagon, 7,400 Ib 


During 
low gas evolution wa 
thi low evolution, the top 
hot tops for the 13 and 19 in. ingot 
flat. The 26 in. ingot did show some 
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it was considerably less than is normally encoun- 
tered. The ingots were stripped and fired for forg- 
ing as soon as they were completely solidified 

The forging of the three ingots was initiated ap- 
proximately 12 hr after the stripping operation. The 
ingots were forged as follows 

1) The 26 in. corrugated ingot was forged in 
two steps to a 13 in. diam billet and hot cut into 


30 in. long blocks 
2) The 19 in. octagonal ingot was forged in two 
steps to a 9 in. diam billet and hot cut into 25 in 


long blocks 

3) The 13 in. dodecagonal ingot was forged in a 
single step to a 6 in. diam billet and hot cut into 
12 in. long blocks 

The forging temperature was 2200°F. A 200 F 
drop in temperature was allowed during forging 
The ingots forged with no indication of tears, cracks, 
seams. blow holes or other discontinuities. After 
the forging, the blocks were cut and numbered as 
follows 13 in. rounds, 1 through 12, starting at 
bottom of ingot: 9 in. rounds, 20 through 31, start 
ing at bottom of ingot; and 6 in. rounds, 40 through 
61. starting at bottom of ingot. The block 
then heat treated as described in Table I. The block 
heat treatments were in 


were 


employed for the various 
pairs consisting of one block from near the top and 
one from near the bottom of the original ingot The 
blocks were not allowed to cool to room tempera 
ture prior to the isothermal treatments indicated in 


Table |. Heat Treating Cycles 
it tn win in 
Diam Diam Diam 


Treatment Neo Hleck No Ne 


A sir cooled after forging l 20 “ 
10 

B, equalized 1250°F, cooled 24 
30°F per hr to 1150°F " 2 inclusive 
held 48 hi cooled 30°F 11 Ol 
per hr to 600°F, held 24 12 ‘1 inclusive 
he air cooled 

‘ equalized 1250°F, cooled 2 21 4) 
40°F per hr to 1150°F 7 26 
held 448 hi air cooled 

air cooled to 700°F, 22 
charged into furnace run 27 
ning at 600°F, held 24 hr 
ur cooled 

air cooled to 700°F 2% 43 
charged into furnace run 6 24 6 


ning at 600°F, held 48 hr 


Table Il: rather, they were charged directly into 


heat treating furnace 

Hydrogen analyses employed vacuum fusion tech 
amples taken during teeming and on 
ome blocks after heat treating. The taken 
melt were cast as % in. rounds in split 
taken from the heat treated 
about 4 in. in 


niques on 
ample 
from the 
chill molds. The sample 


blocks were trephined % in, core 
length. The trephine was cooled with ice wate! 
during cutting. Immediately after the amples were 


cast or trephined, they were plunged into liquid 


nitrogen and held until the analyses were made. * 


* Hydroget ma were 


upplied by the Kepublic Steel Corp 
ind the Babcock and Wilcox Co 


The heat treated blocks were ultrasonically tested 
for flakes with both a 1 and 24% megacycle crystal 
by the Midvale Co. All forgings were aged at room 
temperature for 36 days after the date of forg ng 
were made. This aging period 
after completion of all heat 
ured 


before ultrasonic test 
was at least 32 day 
treatment. The delay | 
that the incubation period for flake formation ha 


necessary to be a 
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Table II. Results of Isothermal Treatments and Hydrogen Analyses 


it tn. Diam 


Hydrogen 
Content 
per 


Treatment Result 


Diam 61n. Diam 

Hydrogen 
Content, 
per 100G 


Hydrogen 
Content, 
CuCm 
per 100 G 


Result Result 


Flaked 
Flaked 
No flakes 
No flakes 


419/945 


No flakes 
No flakes 
No flakes 
Flaked 

No flakes 
No flakes 


passed before examination. Further examination for 
flake W it 


frorm the 


accomplished by taking transverse slice 
center of the block These lies were 


urface ground, macroetched and photographed 
after thi 
ibility of flaking sound forgings pro 
duced from this heat was investigated by 


them to 


to nine month work was com 
pleted, the po 
ubjecting 
ubsequent heat treatment. This material 
consisted of two 9 in diam forging (No 2 and 
0) and two halve 


9) 


) 
(} 


of the 13 in. diam forging No 
The sections were austenitized at 1750 °F 
for | hr and then air cooled, after which they were 


itllowed to age for one month before examination 


Phe vere then examined ultrasonically and by 


macrocetching as previously described 


Results and Discussion 


The hydrogen contents, whenever analyzed, were 
consistently high in terms of normal commercial 
practice for the various treatments employed, and 
are indicated in Table IL The results of the ultra 
tion of the hydroven ynated block 
after the treatments deseribed in Table I are given 
in ‘Table Il All blocks air cooled from the forging 
(treatment A) were severely flaked 
usceptibility for flaking. The 
photoyraph of a transverse hee cut from 
No. 1, Fig. 1 hows the flake resulting from a 
imple air cool (treatment A) 


temperature 


indicating a trony 


The tsothermal treatments designed to produce a 
completely pearlitic microstructure (treatments B 
and () were successful in preventing flaking of all 
Hand 9 in. diam blocks and some 13 in. diam block 
Treatment B had an added safety factor mece the 
treatment designed to obtain a completely pearlitu 
followed by a bainite trat 
evele Considering the very high hydrogen content 
of this heat of steel (four to five or more time 
greater than normal mill practice), the 6 and 9 In 
blocks would probably have flaked without 
precautionary heat treating, as evidenced by the 
blocks given treatment A (air cooled) 

The results obtained with the large blocks (13 in 


diam) require a more detailed consideration, but 


tructure wa formation 


pan ial 


are amenable to rationalization. Two of the 13 in 
diam 
flake-free and four were flaked 5 and 
9 were completely flake-free. The re block 
given this treatment (Nos. 2, 7, 1l and 12) were 
very slightly flaked, a hown in Fig. 2. The micro 
tructure of the slightly flaked block 
pearlite with some evidence of low ten 
tvpified by the 
In addition, these 


ubjected to treatments B and C were 
Blocks No 


maining 


practically 
complete 
perature transformation product 
tructure hown in Fi Sand 4 
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figures indicate that the flakes in these blocks were 
associated with the microconstituents that are low 
temperature transformation products. It is interest- 
ing to note that blocks Nos. 11 and 12, although they 
were given the additional bainite transformation 
treatment, were still slightly flaked. On the other 
hand, these two blocks originated from near the 
top of the ingot, where positive segregation may 
occur and contribute to flaking susceptibility 

It is entirely possible, considering the extremely 
high hydrogen content of the steel, that very minute 
amounts of bainite and/or martensite in these blocks 
would cause flaking. A 
there is a delicate balance of hydrogen embrittle- 
ment and stress required for flaking. Hence, for 
very high hydrogen content, as in this case, only a 
low stress would be required 

The isothermal treatments designed to produce a 
completely bainitic microstructure (treatments D 
and E) failed as antiflaking cycles except for three 
of the 6 in. diam blocks. Examination of the micro- 
tructures of some of these blocks revealed a mixed 
tructure of low temperature bainite and martensite 
Hence, these blocks would be expected to flake in 
accordance with the proposed theory” It is obvious 
that the heat treatment prescribed did not satisfy 
the conditions for complete transformation to lowe 
bainite. In fact, it is extremely difficult, as shown 
by the TTT diagram, to transform a steel of this 
composition completely into 100 pet lower bainite 
Segregation will contribute to the difficulty of trans- 
forming to 100 pet bainite, since the variation in 
composition would dictate corresponding differences 


previously demonstrated, 


for complete 
transformation which cannot be predicted. Indeed, 
even if the treatment had been successful in pro- 
ducing 100 pet lower bainite, the possibility should 
not be ruled out that the microstresses associated 
with the formation of lower bainite might be suffi- 
cient to produce flakes in steels with these exces- 
ively high hydrogen contents 

If transformation stresses play a major role, then 
it might be possible to flake a forging by improper 
cooling (incomplete transformation), which had 
previously been produced flake-free by the use of 
an appropriate cycle (complete transformation), 
despite the fact that the hydrogen level would be 
lower during the second treatment. The 13 in. blocks 
(Nos. 5 and 9) that were originally cooled accord- 
ing to antiflaking cycle B and were flake free, were 
halved and recycled. This recycling was comprised 
of simple air cooling (cycle A) and, as anticipated, 
resulted in severe flaking, see Fig. 5, although the 
hydrogen content at the initiation of this recycling 


in the time-temperature relationship 
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A Flaked Flaked 40 
10 Flaked 9 Flaked 57 
" 5 No flake 4 No flake 484 44 to 53 
ae, ” No flake 4, No flake 58 to 61 
12 Flaked No fakes 
2 Flaked i No flake 41 
Flaked 6 No flake 
Flaked 2 Flaked 42 
ae K Flaked 7 Flaked 55 
‘ Flaked Flaked 43 
‘ Flaked 4% Flaked 
ita 
; 


was less than half that prior to the original cycle 
Precisely the same treatments were applied to the 
unflaked 9 in. diam forgings (Nos. 25 and 30), but 
recycling did not produce flakes in this case. In the 
smaller size forgings, the hydrogen content would 
be expected to reduce relatively more than in the 
larger 13 in. diam forgings. In addition, the con- 
tributing influence of cooling stresses would be ex- 
pected to be relatively less than for the larger sec- 
tion 
The 
transformation stresses play a 
flaking of heavy steel sections and that the influence 
of hydrogen is primarily through its action as an 
embrittling agent. However, it should be appre- 
ciated that any stress in the presence of hydrogen, 
regardless of its origin, could be sufficient to cause 
ruptures which may be considered flakes from a 
generalized point of view, although it is felt that 
the conventional flake patterns familiar to the in- 


investigation indicate that 


major role in the 


results of this 


dustry are largely the result of transformation stress 
such as cooling, residual, ex- 
may be contributory 


where other stresses, 
ternally applied, ete., 
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Nucleation of Dislocation Loops 
by Cracks in Crystals 


It is shown by observations of etch-pits that dislocation loops are nucleated ahead 
of slowly moving cleavage cracks in LiF crystals. The loops are nucleated in dislocation 
free regions of crystals. Loops larger than ~5 » diam are stable at room temperature, 
but collapse at 400°C. The loops expand and contract under applied stresses. 


by J. J. Gilman 


paper is to show that the stresse 
around the tips of cracks are large enough to nu 
of dislocation loops. Specifi 
(100) cleavage crack 


established that dislocations exist in purpose of thi 


is well 

crystals and account for crystal plasticity. How 
ever, the origins of the dislocations are not cleat 
Among the means by which dislocations might orig 


numbet 
hown that 


cleate large 
cally, it will be 


inate are: a) through crystal growth accidents, b) in LiF erystals nucleate dislocations in regions of 
by the collapse of condensed sheets of vacancies, o1 the crystals where dislocations did not exist pre 
c) by stress-induced nucleation. Theoretical calcu- viously. It is beheved that the use of LiF for thi 
lations’ have indicated that the last mean hould investigation does not restrict the significance of the 
require very high stresses in order to operate. The result In fact, it is believed that this complement 


and extend papel 
which dealt with metal crystal 
detected by means of the 


pl evVviou 


by the same author 


J. J. GILMAN, Junior Member AIME, is associated with the Re 
search Laboratory, General Electric Co., Schenectady The dislocation 
TP 4425E. Manuscript, Aug. 24, 1956. New Orleans Meeting, etching technique 
Gilman and 


were 
that were described in a previou 
Johnston.” In that paper it 


paper by 
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Fig |——-Etch pits at region of a LiF crystal where a cleavage crack was stopped. Arrows show crack propagation directions. a) A 
100) surface of crack after the stopped crack has been moved farther on. X500 b) An (001) surface perpendicular to the plane of 
the crack X250 Reduced approximately 20 pct for reproduction 


CLEAVAGE SHAPE OF 
CHISEL CRACK 
FRONT 


CRACK STOPPED HERE 
PATH OF 
CLEAVAGE STEPS 


Fig. 2—Successive positions of 
the front of a cleavage crack 
as it passes through a LiF crys 
tal. a) UPPER LEFT: Schematic 
diagram. b) UPPER RIGHT 
Crack front positions in an 
etched and silvered crystal. X! 
Enlarged approximately 50 pct 
for reproduction. c) LEFT 
Bulging of crack front as crack 
starts moving X250 Reduced 
approximately 30 pct for re 
production 


was shown that certain chemical reagents produce cu cm Br,, and at least 15 mg Fe; and 2) etch A 


etch pits at dislocations in LiF in a highly speecrfic 1 pt HF and 1 pt HAc, saturated with Fek 


wily The pits form only at dislocations and ; 
beleved that all the dislocations (both screw and Experiments 

edge) that are present produce pit Two reagent If a cleavage chisel is placed on a LiF crystal and 
rk: 1) modified CP-4 is struck sharply with a hammer, the high velocity 
sults will not appreciably 


it 


were used in the present we 
100 cu em HF, 160 cu em HNO, 100 cu cm HA« cleavage crack that re 
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change the dislocation content of the crystal (ex 
cept near corners and edges). This has been shown 
by etching both halves of cleaved crystals and then 
matching the etch pit patterns of the two halves 
On the other hand, if the cleavage chisel is tapped 
lightly, a cleavage crack can be passed relatively 
slowly into a crystal and stopped somewhere inside 
A second tap on the chisel completes the cleavage 

At regions of the cleavage surfaces of crystals 
where a cleavage crack has moved slowly, and espe- 
clally where it has stopped, etching produces multi- 
tude of characteristic dislocation etch pit An 
example of this phenomenon is illustrated in Fig. la 
The line of highest etch pit density in Fig. la show 
where the crack front stopped. Note how the pit 
increase in density in the region where the crack 
was slowing down just before it stopped. Note also 
that the cleavage steps (the continuous dark lines) 
lle perpendicular to the line of the stopped crack 
front. Fig. lb shows an end view of a stopped crack 
and the deformation at the tip." When the stopped 
wimary glide plane in LIF is the (110) plane and the glide 
direction 1 the 110 direction 
crack was set in motion again, it began to move at 
the middle of its front first, and then propagated 
forward and sidewise. The field of Fig. la was neat 
the side of the crystal, so that the new crack front 
made a large angle with the old one, see Fig. 2a 
The cleavage steps, which always lie approximately 
perpendicular to a moving crack front, indicate the 
successive positions of the bulging crack front. It 
may be seen that the number of etch pits caused 
by the crack decreased as its velocity increased, and 
approached zero at high velocities. Fig. 2 summarize 
the way in which a cleavage crack passes through 
a crystal 

The significance of the etch pits in regions like 
the one shown in Fig. la was determined by pro 
gressively etching several regions of a crystal; Fig 
3 shows one of these regions. Five important factor 
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Fig. 3—Progressive etching of 
a region in a LiF crystal where 
a cleavage crack produced dis 
locations. |100| direction is 
vertical, a) 1/3 min etch, b) 
| min etch, c) 5 min etch, d) 
10 min etch, and e) 40 min 
etch. X500. Reduced approxi 
mately 55 pct for reproduction 


Fig. 4—Matched cleavage surfaces at region in crystal 
where a cleavage crack stopped momentarily. TOP: piece |, 
printed normally; BOTTOM piece 2, reversed in printing 
Note the matched pits at the left. Also, although the pits at 
the right do not match, they lie along the same lines on 
both cleavage faces X1000 Reduced approximately 10 pct 
for reproduction 
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Fig. 5—Schematic drawing of dislocation loops formed by 
cleavage cracks: a) showing the planes of maximum shear 
stress (plane strain) on which glide would be expected to 
occur, b) end view showing the directions of the shear strains 
for the dislocation loops of Fig. 5a; and c) half-loops with 
their ends lined up after cleavage Crystal a etched immedi 
ately after cleavage, aged 24 hr at room temperature, then 
re-etched. Crystal b etched after cleavage 2 hr at 400°C, 
then re etched 


were observed. 1) The pits occur in pairs; 2, 4, 6, 


HB, etc. 2) The pits are asymmetric, see Fig. 3d, indi 


cuting that serew dislocations are being etched,” and 
that the dislocations lie on (110) planes which make 


an angle of 45° with the surface $)As etching pro 


ceeds the pit uddenly become flat-bottomed in 


pull indicating that the dislocations which produce 


them suddenly pop out of the erystal surface. In 


the absence of the dislocation the pits do not get 


deeper, but continue to grow sidewise, and so pro 
duce flat-bottomed pit 4) As the depth of etching 
increuse the distance between two pits of a pau 


decrease indicating that one dislocation line con- 


nects two pits of each pair. 5) The pit densities in 


rewions like this vary widely, but a typical value i 
10) dislocations per sq em. This is 500 to 1000 time 
higher than the 2 to 5 x 10° dislocations per sq em 


that are typical after a fast crack has cleaved a 
el tal 

From these facts it may be deduced that the stre 
field of a slowly moving crack ha ulficrent time 


to form mall dislocation loops in a Lik cry tal 


Some of the loops are created ahead of the tip of 


the crack, as may be shown by Fig. 4. Here matched 


cleavape urface are shown at a place where a 


crack stopped momentarily. Note the matching sets 


of pits on the two crystal face Kkach set of match- 


ingg pairs of pits indicates the four ends of a di 

location loop that formed ahead of the crack and 
vas severed as the crack passed. The sequence of 
events is illustrated schematically in Fig. 5. Not all 
of the pairs of pits on one surface can be matched 


with pairs on the other surface. In some cases, thi 


may mean that dislocation half-loops were formed 
after the crack had passed. However, the fact that 
the unmatched pits usually he along the same line 
on both halves of a erystal suggests that most of 


the half loop come trom whole loop that formed 
ahead of the crack front After these whol loops 
were severed by the advancing crack, their ends 


moved so that the two cleavage surfaces no longet 
matched 

Che dislocation half-loops which cracks produce 
in Lik are not rigidly fixed in the crystal The 
loops tend to creep out of a crystal at a rate that 
depends on the temperature. Also, the action of an 


aupphed stre moves them in and out of LiF crystal 


The creep of the loops has been demonstrated by 
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etching crystals immediately after loops have been 
produced in them, waiting 24 hr at room tempera- 
ture, and then etching again. The second etch re- 
veals that during the period between etches some 
of the dislocation half-loops move entirely out of 
the crystal and others shrink in size by various 
amounts, Fig. 64. The process can be accelerated 
by heating a crystal. Fig. 6b shows that virtually 
all of the dislocation half-loops move out of a 
crystal if it is heated at 400°C for 2 hi 

A unique opportunity for observing individual 
dislocations in motion is provided by the half-loops 


caused by crack The dislocation loops are pro- 
duced by a stress-state in which the principal tensile 
tre is normal to the plane of the cleavage crack, 
Fig. 5b." Therefore, if a tensile stress is applied 
"On the interior of the crystal, plane strain prevai oO that the 
hear stre is on (110) planes containing the crack prop 

direction. Near the de external surfaces, plane tress pre 

the heat tre is highe n the 110) planes that d not 

the propagation direction. Thus, two active glide planes 


perated in Fig. la, whereas four operated in Fig. Ib 


parallel to the cleavage surface, it will tend to cause 
hrinkage of the half-loops, whereas a compressive 
tre parallel to the cleavage surface will tend to 
cause expansion of the loops. In the present experi- 
ments, thin cleaved plates of LiF crystals were 
etched after they had been slowly cleaved. Then 
bending stresses were applied to them. Finally, they 
were re-etched. Where the cleavage surface wa 
tressed in tension, the loops tended to disappear, 
leaving two or more flat-bottomed etch pits in thei 
wake. On the other hand, where the surface was 
placed in compression, the loops tended to expand, 
as shown in Fig. 7 

In Fig. 7, isolated dislocation loops can be seen 
which were expanded by a stre They appear as 
two pyramidal etch pits lying on the same line, but 
on either side of two flat-bottomed etch pit One 
case of the expansion of a double loop may also be 
cen. This appears fas four flat-bottomed pits on the 
ame line as two nearby pyramidal pits and two 
pyramidal pits that le some distance away 


Discussion 

Origin of Loops-+The evidence of the above ex- 
periments indicates quite clearly that the observed 
dislocation loops are nucleated in dislocation-free 
regions of the crystals and do not come from exist- 
ing Frank-Read soujces. Three factors are in evi- 
dence: a) an incubation time precedes the appear- 
ance of the loops,” b) the density of loops is large 


* Since the loops are about Sy in diameter ind the maximun 
wk velocityt in LIF is expected to be about 2 x 10° em per se« 


( ) where ¢ is the elastic constant and the density, the 


neubation time is at least 10 a sec and probab ich larger 
Also, the time for appearance of the loops « ‘ 5 

ted t the possible dislocation velocity A crack ving at 
ound velocit would require the loog » expand at about 1 6 sound 
elocit This should not restrict the dislocation motior and there 

fore snot expected to cause the incubation time 


compared with the initial dislocation density, and 
¢) no pits are found inside the loops; therefore, no 
dislocations seem to have been present which could 
have multiplied by the Frank-Read or other self 
multiplication mechanisms 

Two observations make it apparent that the dis- 
location loops are heterogeneously rather than homo- 
veneously nucleated. First, the loops appear at irreg 
ularly spaced places along a crack front. Second, 
more loops than one often appear in sequence at 
the same place. Both observations indicate that 
there are special places in the crystals that are pre- 
ferred for dislocation nucleation and for retention 
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Fig. 6—Movement of dislocation half-loops in absence of an applied stress X500. Reduced approximately 10 pct for reproduction 


On the other hand, there are a great 


nucleated, so 


in the crystal 
many place 

the difference 
other place in the crystal may not be very great 
dislocation nucleation 


where dislocations are 
between a preferred site and any 


Even though heterogeneous 
. it will be shown that homogeneous 
tion nucleation is possible near a crack tip 

The energy of a dislocation loop of radius r in a 
LiF crystal is equal to the loop perimeter, 2ar, times 
the energy per unit length of dislocation, 


occu! disloca- 


Kb in ( 


) + C.” The first term of the expression 


is the elastic energy around the dislocation line 
outside a tube of radius r,. This radius r, is estimated 
to be about 5.7A from the latent heat of fusion; AH,, 

1.1x10" erg per cucm.’ K is an elastic constant, 
and b is the Burger's vector 2.85A. According to 
Eshelby, Read, and Shockley, for (110) [110] dis- 


locations in cubic crystal 


where the C,,’s are the crystal elastic constants and 
«a is the angle between the Burger’ 
dislocation line. Using C 11.8, C 1.34, and 
6.3x10° dyne pet 
of K is: K 4.4x10" dyne per sq em. C is the in 
elastic energy inside r,:; estimating from the result 
of Huntington, Dickey, and Thomson’ it should 
about 19x10 erg per cm for (110) [110] 
in LiF 


a dislocation loop 1 


vector 


uverare 
dislocation 

When 
the glide inside the loop doe 
Therefore, the energy of formation of a dislocation 


loop in LiF i 


formed by a stre 
work equal to —arbr 


This energy laximum at a critical radiu 


Kb r 
(in 1) 
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and the 


q cm,” the average value 


The graphical solution of this plotted 
in Fig. 8 together with the energies of dislocation 
loops of critical siz 

The shear stress at a distance (d, #) from the tip 
of a crack is given approximately by 


equation Is 


where a is a dimension of atomic scale 6A,” and 
S,, is the elastic complhance 10.6x10 " dyne per 
q em. In the present case the crack is on a (100) 
plane of LiF and the glide plane is (110), so 6 
45 If stresses as high as 2.6x10"° dyne per sq em 
are required to nucleate dislocation loops, Fig. 8, 
then the stress near a crack tip is high enough to 
nucleate dislocations at distances not more than 
about 50A from the crack tip 

Stability of Loops—-Many newly formed disloca- 
probably disappear when the stress that 
produced them near the crack tip is no longer 
However, some of the loops stick in the 
crystals and they are the ones that are observed a: 
half-loops. It is believed that the reason for thei 


tion loop 


pre ent 


Fig. 7—Expansion of dislocation half loops under an applied 
shear stress (approximately | kg per sq mm). The screw 
orientation of the dislocations is seen and the intercept of 
the glide plane (110) with the cleavage surface (100) is hori 
zontal in the photograph. Several pairs of pyramidal pits 
may be seen which left a pair of flat bottomed pits in their 
wake Note the two concentric loops indicated by two sets 
of four pits just above the center of the photograph. X900 
Reduced approximately 50 pct for reproduction 


APRIL 1957, JOURNAL OF METALS—453 


= 4 
4 
| | 
cos’ a (C,C,) sim’ a 
. 
U (Kb' In— + C)2er — 


Fig 8 Critical radws and energy of dislocation loops in 
LiF crystals 


tubility is that the erystal lattice offers a resistance 

the motion of a dislocation and the line tension 
of the loops is not strong enough to overcome the 
lattice resistance 


tre 
diameter, D, inside a erystal i 


required to hold a semicircular loop of 


In D/2r, 4+ C)/bD 
4.5x10° dyne per sq em 
vhien compared with atomic dimension 
Phi i beheved to be 
resistance of the Lik 
within a factor of two of the macro copic 
yield stre of Lik crystals (unpublished results) 
Implications for Fracture and Glide——-It is 
from kip. 7 that the dislocations introduced by 
cleavage can cause glide during subsequent stress- 
ing of a erystal. If the loops glide without multi- 
plieation, the amount of glide that they could pro 
Actually, they will 
produce arbitrary amounts of 


approximately equal to the 
lattice to dislocation glide, 


clear 


duce would be relatively small 
multiply and henees 
licle Therefore, the manner in which a crystal is 
cleaved and treated after cleavage can play an im- 
portant role in its plastic behavior, as will be dis- 
cussed in detail in a later pape 

The cleavage proce itself is affected by the pro- 
The work that is 
from the 


duction of dislocation loop done 


during its production must come energy 
of the moving cleavage crack. For a loop of 5 » diam, 
the work done, wrbD’/4, is about 10° erg if it forms 
under a stre of 2x10" dyne pet Therefore, 
absorbed by a typical density of loops 


about 10 ere pel 


q em 
the energy 
(10 pet 


thie 


q cm, or a few 

Clearly, this amount of 
reduce the velocity of a 
; needed 


qem)ii 

urface energy 
energy absorption can 
cleavage crack™ and thereby raise the stre 
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to cuuse fast cleavage. In addition, since a screw 
dislocation crosses the cleavage plane at each end 
mall cleavage steps are formed at 
each loop, and these absorb energy In previous 
paper it was postulated that certain cleavage- 
tep patterns in zinc crystals are caused by screw 
introduced by local deformation at the 
tips of cracks; it was also predicted that a strong 
velocity effect might be expected Joth of these 
ideas have been confirmed by the present results 

This investigation also has shown that the exist- 
of fracture are incomplete. The theories 


ot a loop, two 


dislocation 


ing theorw 
are based on the idea that local stresses as large as 
the cohesive strength of a solid can be created by 
piling-up a large number of dislocations at an ob- 
tacle Fracture is supposed to be nucleated by the 
high local stresses. The difficulty is that the local 
might nucleate dislocations (plastic flow) 
instead of fracture. The concentrated stresses at a 
dislocation pile-up are similar to those at a crack 
tip. Since the latter can nucleate dislocations, it 1s 
uppose that the former can also. The 
possibility must be 


stresse 


reasonable to 
present results show that thi 
taken quite seriously in attempts to construct frac- 
ture theories 


Summary 

It is shown that slowly moving or stopped cracks 
in LiF crystals nucleate dislocation loops just ahead 
of the crack tips. The loops can be nucleated in 
dislocation-free regions of the crystals. The resist- 
to glide holds the loops in place 
at room temperature but at 400°C they move out 
of the The dislocation loops may be ex- 
panded or contracted by applied stresses. It is shown 
that the stresses near a crack tip are sufficiently 
high to nucleate dislocation loops at distances less 
than about 50A from the crack tip. It is pointed 
out that the dislocation nucleation phenomenon has 
of crystal plas- 


ance of the crystal 


urftace 


important implications for studi 


ticity and fracture 
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Strain Induced Transformation in Beta Brass 


The -phase of Cu-Zn and Cu-Zn-Ga alloys partially transforms when cold worked at 
low temperatures. X-ray data are presented on the new structures formed (which depend 
upon composition), on densities of stacking faults in them, on M, temperatures, and on 
the tendency to revert to body-centered-cubic structure 


by T. B. Massalski 


HA 


cubic 


body-centered 
unstable at low 
o nearly universal that any excep 
tions are worthy of special attention. Studies of the 
exceptions may disclose unrecognized examples of 
metastability or may shed light on the nature of 
that stabilize the body-centered- 


metals and alloys of the 
tructure 


temperatures | 


tend to become 


some of the factor 
cubic phase 
Among the structurally analogous body-centered 
cubic 3 
Cu-Zn system deserve 
though this phase 1 


attention for, al 
known to undergo partial mat 


further 


tensitic transformation on cooling below room tem 
temperature of liquid 
when the composition is less than about 42 wt pct 
Zn, it does 


perature the nitrogen 
not transform on cooling when there | 
more than this amount of zinc present.’* The present 
author recently found that an alloy 
18.35 wt pet Zn could be transformed, however, if 
everely at 


containing 


deformed room temperature or lowe! 
temperature This discovery led to the 
that the jerky flow of £-bra 
of the 


trength and 


uggestion 
ingle crystal 
unusual temperature variations of the yield 
hardne are due to strain-induced 
transformation during the tensile tests. The present 
investigation is an extension of that work to cove! 
of Cu Zn 


and certain interesting composition 


the entire available range of composition 
S-phase alloy 
of the B-phase in the Cu-Zn-Ga system 

tructure of the transfor 
which 1 


with alloy composition, and to the 


Particular 
attention is given to the 
mation product resulting from cold work 


found to vary 


temperature range in which transformation can be 


induced in the various alloy 
The composition limits of the body-centered-cubu 
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electron compounds, the f-phase in the 


and some 


and C. S. Barrett 


phase in the Cu-Zn system, based on a recent re 
view by Raynor and the 
of Beck and Smith,” are 

region the alloy 


precision determinations 
la; in the # 
are disordered and in the # region 


hown in Fig 
they are ordered. The rate of ordering is so rapid 
that a high degree of order is found in any of these 


alloys immediately after quenching 


Experimental 
The nine binary and four ternary alloys of thi 
investigation were prepared from cathode copper 
(99.99 pct purity), electrolytic zinc (99.994 pet), 
and gallium (99.984 pct). All alloys were cast in 
transparent Vycor tubing, homogenized at tempera 
ture between 800 and 890 
wate! 


and quenched in 
mall amounts 
to fall along 


Ternary alloys were cast in 
(~)D p) to pred termined composition 
u line of constant electron concentration in the tet 
Chanves of weight during the casting 
ternary alloy 
than | part in 2500 from the 
izghts and therefore their compositions were a 
cepted without chemical analyse All binary alloy 
(100 to 150 #2), homo 
venized, and hot rolled after preheating to 800°C 


nary ystem 
were not preatet 


intended 


operation of the 


nominal 


were cast in larger amount 
The central portion of the rolled strip of each alloy 
vas annealed for eight day 
All binary alloy were 
compositions, heat treatments, and metallographiu 
of all alloys are tabulated in Table I 

ample ubjected to heat treatment 


and quenched in brine 
analyzed chemically. The 


appearance 


\ 


Variou were 


or cold work at several temperatures and were then 
examined metallographically or by means of X-ray 

Specimens about 6x6x4 mm in size were examined 
metallographically to confirm the presence of the 
after Cold 
duced by fastening each sample between two piece 


oft tea) 


i -phase quenching work was intro 


cooling the assembly to the desired tem 


perature, and transfering where 


it rapidly to a vise 


moderate or severe compression was immediately 


apphed. Cold working at liquid helium temperature 
Wa done ) a chisel haped tool mounted on an 
All metal 


X-ray spectrometer, described elsewhere 
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Fig. |—-Cu Zn diagram portion of the equilibrium di 
agram showing the boundaries of the ()-phase. B: variation 
of the M, temperature with composition after Kurdjumow 
and Titchener and Bever; and variation of the M, tempera 


ture with composition after present work 


lopraphic examinations were carried out at room 


temperature 


kor X-ray examination, cold working was intro 


duced by filing the samples at various temperatures; 


urface of a flat specimen mounted inside the X-ray 


pectrometer, Specimen filings were examined in 


the powdered form either immediately after filing 


or after a specified heat treatment 
2 ‘ Initial X-ray work was carried out at low tem 
peratures in the X-ray spectrometer on one alloy 
(X); the details of these tests have been published 
earlier Subsequently the powder X-ray method 
* was employed, using CuKe, FeKe, and CrKa radia- 
tion and for most of the investigation a General 
> Klectrie X-ray diffractometer was employed with 
a, crystal-monochromatized CuKe radiation and a 
; canning speed of 12° per hr. The recorder chart 
were calibrated with a copper sample of high purity 
zi for which an accurate parameter was obtained by 
“A precision powder method In later stages of the 
# vork additional calibration was introduced by mix 
he ing the sample filings with annealed filings of Car- 
iF, bonyl nickel of known parameter (d 3.5230 +1A) 
. In addition to chart-recording of X-ray intensity 
Soi the weak line of the transformation product in 
illo XY were also investigated by the point count- 
ne technique 
Experimental Results 
Metallographic -The metallographic appearance 


at room temperature of alloys cold worked at vari- 
ous temperatures is tabulated in Table II. Alloy X, 
deformed at liquid helium temperature, showed 
traces of the transformation product when examined 


at room temperature. Samples of alloys 6, X, 7, and 
& were cooled to liquid helium temperature without 
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except at liquid helium temperature, in which case 
cold working was done by severely deforming the 


cold working, after prior electropolishing. No scars 
due to transformation were observed on subsequently 
examining these alloy s at room temperature 

The appearance and the amount detected of the 
transformation product varied with composition. In 
alloys where the transformation could be induced 
relatively easily, i.e., at low zine contents, the trans- 
formation product appeared in the form of large 
patches or streaks of indefinite shape with slightly 
pink coloration, as well as in the form of thin plate- 
lets lying along certain crystallographic planes of 
the matrix. In all cases the platelets could be seen 
to join smoothly into the larger bulk material of the 
transformation product. A typical microstructure Is 
that of alloy 2 deformed at room temperature, and 
is shown in Fig. 2 

In samples with high zine content less transfor- 
mation product could be produced by cold work and 
in these it took the form of fine streaks of pink 
coloration aligned along certain directions of the 
matrix. Deformation bands could now also be seen 
within the remaining strained body-centered-cubic 
(8) matrix. A typical microstructure in this case 
is that of alloy 6 deformed at liquid nitrogen tem- 
perature and examined at room temperature. This 
is shown in Fig. 3 

With still higher zinc content the amount of ob- 
ervable transformation product decreased further, 
o that the traces detectable in alloy 7 deformed at 
liquid nitrogen temperature, see Table Il, could well 
be, at least in part, due to some very fine cracks. 
However, when the width of the transformation 
product could be resolved sufficiently to show the 
typical pink coloration, the identification was un- 
mistakable. The approximate variation of the M, 
temperature with composition in zinc-rich alloys is 
indicated in Fig. lb 


X-Ray Diffraction Patterns—-Details of X-ray 
work are set out in Table III, and the general ap- 
pearance of the X-ray spectrograms of several 
binary and ternary alloys deformed by filing at 
room temperature are shown in Figs. 4 and 5 

From these two figures it can be seen that both 
the amount of the transformation product and its 
veneral character in the cold worked state changed 
with composition. In the binary system, alloy 1, 
when quenched from 891°C into brine, underwent 
a complete transformation from the # structure into 
the face-centered-cubic structure (by means of a 
mechanism recently referred to as massive trans- 
formation,” in which high speed interphase bound- 
ary migration probably plays a prominent role) 
This alloy was thus face-centered-cubic at room 
temperature before filing, and no further change ot 
structure occurred with filing. All other alloys 
possessed the body-centered-cubic structure before 
filing. In alloys 2 to 7, after filing at room tempera- 
ture, the amount of the transformation product de- 
creased as the zine content increased, and in zinc- 
rich alloys there was observable a gradual reversion 
to body-centered-cubie at room temperature. (Per- 
haps this accounts for the failure of previous inves- 
tigators to notice the transformation.) 

Another interesting feature of the X-ray pattern 
is that as the alloys increase their resistance to 
transformation the lines from the decreasing amount 
of transformation product change from the typical 
face-centered-cubic pattern to a pattern that pos- 
esses certain characteristics of the close-packed- 
hexagonal structure. This is evidenced by the grad 
ual disappearance of the face-centered-cubic 200 
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Table |. Appearance of Alloys As Quenched 


Final 


Alley Wt Pet Co Wt Pet Zn Wt Pet Ga Time 


62.05 17.95 8 days 


60.27 19.73 8 days 
8.25 5 8 days 
16.50 ; 8 days 
44) 8 days 
2 63 7 8 days 
91.65 35 4 days 
0) 02 94 8 days 
48.11 5 8 days 
74.00 24% 7 days 


63.94 23.4 7 days 
82 35 days 
52 5 days 


* The a@ represents the face-centered-cubic phase 


Annealing 
Temperature 


Metallographic Appearance After 
Polishing and Etching 


891°C spontaneously transformed to a* by massive grain 
boundary growth 
850°C pvt traces of a at grain boundary 
B00 re traces of a@ at grain boundary 
800°C all 
all 
800°C all 
800°C alls 
800 all 
800°C 4 traces of 51 at grain boundaries and inside grains 
750 spontaneously transtormed to close-packed-hexagonal 
martensitic appearance 
0 alls 
50°C all 


' The f° represents the body-centered-cubic phase, presumably ordered 


t The represents the complex cubic phase 


reflection and the appearance of a broad intensity 
peak identified as the close-packed-hexagonal 10-0 
The nature 
stacking faults are 
in the transformation products of all of 
the alloys, analogous to the faulted products found 
in lithium and sodium, the patterns of which were 
recently discussed in detail by Barrett 

Thus, although the transformation product has a 
close-packed structure at all compositions, the struc- 
ture has predominantly cubic packing in alloys rich 
to equal probability of cubic 


reflection as the zine content increases 
of the patterns suggests that 


numerou 


in copper and tend 
and hexagonal packing at higher zinc contents, with 
hexagonal predominating in alloys 7 and 8. In term 
of atomic configuration this indicates a tendency for 
the close packed planes gradually to change from 
the ABCABCABC stacking arrangement into the 
ABABABABAB stacking arrangement 

Additional evidence for the above general con 
clusions was provided by the X-ray patterns ob 
tained at liquid nitrogen and liquid helium tem- 
peratures from the cold-worked alloys X, 7, and 8, 
ee Table IIL. These alloys showed increasing amount 
of transformation with increasing cold work and 
decreasing temperature. In alloy X the indefinite 
dual character of the transformation product indi- 
cated by the presence of both the 200 face-centered- 
cubic reflection and 10-0 close-packed-hexagonal 
reflection was maintained, although the relative 
intensities of these reflections varied somewhat from 
one experiment to another; some filings yielded only 
a trace of the 200 face-centered-cubic reflection, 
while in others the relative intensities were nearly 
In alloys 7 and 8, however, the transforma- 
showed only the close-packed-hexa- 


equal 
tion structure 
vonal reflection 
The four alloy tudied in the ternary 
Zn-Ga were chosen to fall upon a line of constant 
1.476) corresponding 
Along that line 
tructure at 


system Cu 


electron concentration (e/a 
with alloy X of the binary system 
all ternary alloy posse the 4-brass 
high temperature On rapid quenching the struc 
ture undergoes a martensitic type of transformation 
in alloys rich in gallium, but can be retained un 
decomposed in alloys of low gallium content. The 
retained structure is, however, metastable and can 
be transformed by cold working, as in the binary 
Cu-Zn alloys. Of the four ternary alloy tudied 
the first three (1Ga, 2Ga, and D5) were completely 
body-centered-cubic (presumably ordered, f') be- 
fore filing and the last (alloy 11) had transformed 


on quenching into a structure that was predom- 
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inantly close-packed-hexagonal. After filing, alloy 
11 retained the predominantly close-packed-hexa- 
zonal character, alloy D5 transformed completely, 
and alloys 2Ga and 1Ga transformed partially and 
showed increasing amounts of retained body-cen 
tered-cubic phase. It can be seen from Fig. 5 that 
the character of the transformation product now 
changes from close-packed 
hexagonal in the alloy with least zine to a pattern 
with nearly equally intense 200 face-centered-cubic 
and 10-0 close-packed-hexagonal reflections in the 
alloys with least gallium 

Attemipts to repeat the experiments of Greninger,' 
in which additional lines were found after quenched 
filings of 40 wt pet A’-brass were very lightly de- 
formed, resulted in such irreproducible patterns that 
structure determination was not possible 

Lattice Parameters——An attempt was made to at- 
tain some precision in the measurement of lattice 
parameters of the phases in the binary Cu-Zn alloys 
in order to see whether or not the face-centered- 
cubic product resulting from the strain-induced de- 
parameters that 


almost completely 


composition of the #& phase ha 
would be expected from an extrapolation of the a- 
to the higher zine contents, and 
due to stacking faults, of the 
In this work two meth 
ods were used for calibration of the charts: the 
an internal 


phase parameter 
to look for line shift 
type predicted by Paterson 


body-centered-cubic lines were used a 


tandard, as was recently done in a similar prob 
lem,” and admixed nickel filings were employed. The 
lattice constants computed from various individual 
face-centered-cubic reflections are 
plotted in Fig. 6. The 311 reflection, which was free 
from overlapping reflections and should have been 
hifted least* by the stacking faults, is seen to hie 
* Twelve mponents of this line are sharp and unshifted, six 
shift outwards, and six shift inwards five times aa far 


lines indexed a 


on an extrapolation of the data for the a-phase re 
ported by Beck and Smith.’ 

The superposition of the least broadened close 
packed-hexagonal reflections, 00-2, 11-0, 11-2, and 
00-4 on the corresponding reflections from the face 
namely 111, 220, 411 
prevented an accurate deter 


centered-cubic component 
and 222, respectively 
mination of the axial ratio of the hexagonal mate 
rial. It wa however, that the axial ratio 
was near the value c/a 1.633 of ideal packing of 
phere concluded in the study of alloy X 

Stacking Fault Densities—-Paterson” has shown 
that an estimate can be made of the frequency of 
tacking fault from the shifts of 


obviou 


a Wa 


occurrence of 
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Table II 


Metallographic Appearance of Alloys After Cold Work 


Deformed at Liquid Nitrogen Deformed at Liquid Helium 
Deformed at Room Temperature Temperature, Kepolished, Temperature, Kepolished 
Kepolished, Then Examined Then Examined at Room Then Examined at Room 
Alley Metallographically Temperature Temperature 


diffraction line in face-centered-cubic Reversal of the Transformation Induced by Cold 
metals. Warren and Warekois” and Greenough and Work-——-In zinc-rich alloy mall amounts of the 
A: mith’ have used Paterson's method and the forme transformation product produced by severe cold 
e have hown that tacking fault densits in cold working and filing were unstable and reverted to 
: VOrKed a-brasse nerease from about one in every the #-phase if the filings were left at room tempera 
200 planes to one in every 26 planes as the zine ture for a period of time. In alloy 8 transformation 

content increase from Oto 35 wt pet The pattern nduced by cold work at temperature of liquid 
. of train-induced face-centered-cubic material of helium, N., and solid CO, disappeared on warming 
i the present investigation provide an opportunity to to room temperature. (Roughly % hr was required 
i extend these determinations of fault densitic to for this.) The small amount of the transformation 
re higher zine content product observed in alloy 7 ummediately after filing 
Be Referring to Fig. 6, it is seen that the apparent at room temperature ee Fig. 4, was almost un- 

lattice constants computed from the calibrated chart detectable after about 12 hr. In the case of alloy X 
‘e records differ when different reflections are used u trace of the transformation product wa till 
i and only the 311 reflection relatively unshifted by present after three to four months, annealing at room 
2 fault he on the extrapolated a-phase curve The temperature In all alloys reexamined after such 


200 and 420 reflections are shifted to lower diffrac 


prolonged annealing some evidence of general re 


: tion angle (higher apparent lattice constants) covery of the matrix and the transformed phase wa 
é while the 331, 220, and 111 are shifted oppositely observed: the X-ray reflections were Ik broad 

a These shifts are of the nature expected from fault Alloys X and 7 were also subjected to cold work 

: and if stacking fault densities are computed from and annealing above room temperature. In alloy X 

the shifts of 111 and 200 lines, the results of Fig. 7 decreasing amounts of transformation could be de- 

: ure obtained. In this plot the probability that a tected after filing at 50° and 100°, and practically 
cS. fault will be induced by deformation at any given none after filing at 115°C. In each of these tests the 
close-packed plane, denoted by a, | hown as a filings were immediately quenched to room tem 
function of zine content for the present alloys and perature. The M, temperature for this alloy is there- 

those previously investigated. The probability para fore in the vicinity of 115°C. If filings obtained at 

ro meter « can be determined from measurement of room temperature, which were partially trans 

: the difference in the diffracting angle between two formed, were annealed for 15 min at 100°C no re- 

i uitable lines, first in the annealed state and then maining transformation product lines could be de- 

in the cold worked state. In the present work the tected. No transformation could be detected in alloy 


mpeular distance 24 between the 111 and 200 line 7 after filing at 75°C and exposing at room tempera 


i correspondin to the lattice parameter computed ture 
from the SIL reflection, was assumed to represent Similar experiments were also tried with alloys 2 
the annealed state separation through 6. In these cases, however, the transforma 
‘ Phe exact value hown in Fig. 7 are probably not tion product produced at room temperature was 
ji hight ignificant, for the theory is based on the ufficiently stable to resist reversion to body-cen- 
“ issumption that the faults are distributed randomly tered-cubic or to B’ up to temperatures at which 
on a single set of parallel planes, and that the effect change of composition by interphase diffusion could 

: of the various parallel sets in a erystal are super no longer be neglected 
i imposed in the pattern. The a umption 1 also made 
. that cold-work broadening is symmetrical about the Discussion 

A Bragg angle. Also, the precision of the data in the The copper-rich boundary of the #-phase in the 
present seri was not a hich as would be desired equilibrium diagram, Fig a slope to higher zinc 
Neverthele the general trend eem clear: fault contents with decreasing temperatures. It is inter- 
densiti nerease teadily with zine concentration esting to note that this tendency is continued both 
through — the train-induced face-centered-cubi nthe M. curve and the M, curve at lower tempera- 
phase, in agreement with a similar trend found in tures. It would not be expected, of course, that either 
the cold-worked equilibrium «-phase of these curve hould be an exact continuation of 
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kt nsformation product 
4 
ie 
a 
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Fig. 2—Microstructure of alloy 2, cold worked at room tem 
perature; showing transformation product within the matrix 
Polished and etched in dichromate. X500 Reduced approxi 
mately 40 pct for reproduction 


the high temperature equilibrium phase boundary, 
for at low temperatures there i 
zinc to provide different compositions in the two 
Nevertheless it is clear that with increas 


no segregation of 


phase 


with reference to Fi 1, that Ma must 


however not a necessit 


riu ysitions of @ and f 


compe 
med at Ma is of nonequilibri 

ed that the free energies of the tructures 
but this, too, is not necessarily true 


stability of the face-centered- 
and that of the body-cen- 
tered-cubic increases. M, drops approximately 47°C 
per 1.0 wt pet Zn, which, within experimental accu 
racy, is the same as the rate of drop of the M 

below about 


ing zine content the 
cubic structure decrease 


Since #-brasses of any compositions 
50 wt pet Zn transform if cold worked at room tem- 
perature it appears likely that the single crystal 
tested by Ardley and Cottrell” at room temperature 
were subject to transformation, since their composi- 
tion was 48.81 wt pet Zn. It therefore remains a 
possibility, as suggested in an earlier report, that 
the jerky flow observed by these investigators was 
due to strain-induced transformation in their cry 
tals. Jerky flow in A#-brass of about 49 wt pet Zn 
has also been observed in polycrystalline sample 
This, however, is in the very low temperature 
region, where a variety of metals of different struc 
ture show this type of stress-strain behavior, pet 
haps for reason 
transformation 

It is now apparent that 8 Cu-Zn 1: 
all compositions at which it can be 


having nothing to do with phase 


metastable at 
made homo 
geneous when quenched to room temperature, and 
probably at even the highest zinc concentration 
It should be noted that it i 
metastable above 43 pet Zn, 
required to initiate the 


perhap only the dis 
ordered phase that | 
ince plastic deformation 1 
transformation in this composition range, and plastic 
deformation always causes some disordering of the 
any reversion of the 


uperlattice Perhaps also 


transformation product occurs only to # teversion 
of the strain-induced phase to # or to # occurs at 
room temperature in alloy 
48 pet Zn 

If the M, curve is extrapolated to lower zinc com- 
positions than those for which it can be determined 
temperature 


containing more than 


experimentally, a remarkably large 
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Fig. 3—Microstructure of alloy 6, cold worked at liquid ni 
trogen temperature; showing transformation product and {i 
matrix with deformation bands. Polished and etched in di 
chromate. X150. Reduced approximately 40 pct for repro 
duction 


Fig. 4—X-ray diffraction charts of binary Cu Zn alloys filed 
at room temperature. One binary Cu-Ga alloy is included as 
an example of deformed, ideally close-packed hexagonal 
structure 


Fig 5—X-ray diffraction charts of Cu-Zn-Ga alloys lying 
along a line of constant electron concentration e/a 1476 


interval is found between M, and M., roughly 625 C 
at 42 pet Zn. Plastic therefore unusually 


effective in overcoming the barrier to transforma 


train ! 


tion compared with other low temperature body 
centered-cubic transformations uch as those in 
lithium and sodium 
Theoretical attention ha 
for stability of the @ Cu-Zn phase by Zener” and 
Jone ZA ner ha 


Jow (110) [110] shear constant, 1.¢ 


been given to the basi 


emphasized the importance of a 


a low value of 
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within the field. T the 
field refe to eq 
positior It w Iso 
present are equal at M 


Table Ill. Structures as Indicated by X-rays of Cold Worked Alloys After Various Treatments 


Worked at Worked at 74°K 
Alley X-rayed at OOK X-rayed at 74°K 


tered -cubl« 


ntered-cuble 


ckhed-hexag 


Worked at Temperature Below 


Worked at 195°K, Worked at 25°C, My, X-rayed at 25°C after 
X-rayed at 195°K X-rayed at 25° Specified Time 


after three months, #’, trace a, trace H 
ifter 14 hr, 


ifter 30 min, B 


presence of 200 reflection 


the pre ce of 110 reflection, presurmab 


the pr ence of 10.0 reflectior 


(C as a factor decreasing 


and Jone has proposed 
action of nearly free electrons with 
of the Brillouin zone increase thi 


and thereby ncreust the tability 


centered-cubr tructure From thi 
view it is possible that cold work 


with it, blurring of the Brillouin zone through 


ing fault broadening” and perhap 
tre broadening, reduce the zone 
ufficiently to allow transformation 
recent work of Zirinsky” on transformation 


body -centered-cubi 3/2 electron 


Au-Cd alloy hows that the degre 


otropy (and the tendency toward 
in the Au-Cd case is larger than | 
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Fig. 6—Variation of 
lattice parameters 
with composition of 
cold worked Cu-Zn 
alloys. Parameters 
corresponding with 


face centered cubic 
are shown individu 
ally, and parameters 
corresponding with 
the body centered 
cubic structure are 
shown as one extra 
polated value for all 


Fig. 7—Variations of 
the stacking fault 
probability coeffi 


position of Cu-Zn 


the Cu-Zn at 


corresponding temperatures and compositions The 
Au-Cd alloys thus transform on simple cooling at 
all compositions, showing that electron concentra 
tion must be of only secondary importance In 
tabilizing the 8 structure. Similarly, the ternary 
alloys of the present series, although lying along a 
line of constant electron concentration in the phase 
diagram, were completely unstable when rich in 
vallium and nearly stable when rich in zinc 

Although these ternary alloys were prepared with 
identical electron concentration the size factor and 
the degree of order were not constant throughout 
the series. The Cu-Ga f-phase is almost certainly) 
disordered, since it is only stable near 25 atomu 
pet Ga, and it may well be that it Is un table at low 
temperatures because of the lack of 01 On the 
other hand, the increasing distortion of a lattice due 
to the relative number and size of the solute atoms 
present may be an important factor. In the ternary 
ystem Cu-Zn-Ga the size factor increases on pass- 
ing from the gallium-rich to the zinc-rich alloys; 
previous studies have shown that small or negative 
ize factors favor the equilibrium close-packed- 
hexagonal structure over the body-centered-cubic 
tructure 

Attention is called to the progressive change 1n 
the nature of the transformation product and its 
amount with composition in the binary alloys, but 
it is not possible at the present time to state which 
factor or factors is responsible 


Summary 

Binary f’-phase Cu-Zn alloys from 39.73 wt pet 
Zn through 51.89 pet Zn were found to transform on 
cold work at low temperatures, according to both 
metallographic and X-ray diffraction evidence. The 
amount of the transformation product increased 
with inereasing zine content, and its structure 
changed from face-centered-cubic with tacking 
faults to close-packed-hexagonal with stacking 
faults. The face-centered-cubic structure has para- 
meters that would be expected from an extrapola- 
tion of the a-phase parameters, but with line hift 
of the type expected from stacking faults. The close- 
packed-hexagonal structure has an axial ratio near 
1.633 

The A-brasses of any composition below about 50 
wt pet Zn transform if cold worked at room temper- 
ature: the M, temperature drops ~47 C per each 
additional wt pet Zn, similar to the M. curve The 
transformation product is metastable at room tem- 


TRANSACTIONS AIME 


“te 

| 
a, trace Ht 
4 B’.a,H 

p’.a,H 
B.a,H 

H 

“4 G 
* The « represents the face-cen structure identified by the 
The represents the structure identified by ordered 
The H represents the structure identified yy 

i 
pp lane xed 

> 
‘ 
, 

: 

5 
. 
. 
crent with m 
alloys 

ee the stability of 

that the inter 
the {110}! faces 

4 5 
BS hear constant 
a 
7 
: latter point of 

and, connected 

tack 

through 

lization 

the 
ee’ of the 

of elastic ani- 


perature and reverts to the body-centered-cubic o1 
& phase when the zinc content exceeds 45.59 pct 

It is pointed out that possibly disordering by cold 
work necessarily precedes the transformation (above 
43 wt pet Zn), and that reversion may occur only 
to the ordered (f’) phase. The transformation 
characteristics of body-centered-cubic Cu-Zn-Ga 
alloys indicate that electron concentration is not the 
major factor controlling the instability of the £- 
phase 
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High-Strength Zirconium Alloy: Zr-4 Wt Pct 
Sn-1.6 Wt Pct Mo 


A heat-treatable, ternary alloy of zirconium is described. This alloy is readily rolled 


at 800°C and has more than four times the creep strength of pure zirconium at 500°C. The 
tensile strength of the alloy in the annealed condition is about 90,000 psi, and it may be 


heat-treated to a strength of more than 140,000 psi 


In the annealed condition, the alloy 


can be cold reduced more than 20 pct. The alloy is harder in the air-quenched condition 
than as water quenched. This behavior was found to be associated with a reaction similar 


to age hardening. 


OR the past several years there has been con- 
siderable interest in the development of zir- 
conium and zirconium alloys for application in 
nuclear reactors. In a portion of the development 
work being conducted, attention has been given to 
the development of high-strength zirconium alloys 

W. CHUBB, Member AIME, is Principal Metallurgist, Battelle 
Memorial Institute, Columbus, Ohio 

TP 4329E. Manuscript, Dec. 20, 1955. Cleveland Meeting, Octo 
ber 1956 
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by W. Chubb 


One of the most outstanding alloys developed in the 
course of this work is Zr-4 wt pet Sn-1.6 wt pet Mo 


Fabrication and Test Methods 


Over 50 ingots of zirconium containing either tin 
and molybdenum or both have 
the process of selection of an optimum composition 
Most of these 
buttons; a few were prepared by induction melting 
All ingots were prepared by the use of Foote Mineral 


been evaluated in 


were prepared as 20-g arc-melted 
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Fig Micrograph of Zr-4 wt pct Sn-16 wt pet Mo alloy; 
cold rolled, heated to 900°C for | hr, and water quenched, 

zirconium in a matrix of retained 293 Dph X500 Re 
duced approximately 20 pet for reproduction 


3--Micrograph of Zr 4 wt pct Sn 16 wt pet Mo; heated 
to 1000°C for 15 min and water quenched; martensite, 285 
Dph X100 Reduced approximately 15 pct for reproduction 


»odide zirconium. The tin used had a purity of 
99 9 wt pet, and the molybdenum was 99 wt pet pure 
lwo large ingots have been prepared by double 
re melting in a copper crucible, and the properti 
these two ingots constitute the basis for most of 
One ingot weighed 1000 pg and had an 
10 wt pet Sn and 1.6 wt pet Mo. The 
weighed 3800 ¢ and had an analysis of 
vt pet Sn and 1.6 wt pet Mo 

Both ingots were forged at 900 C to 1-in.-thick 
lal Hot rolling to sheet and bar stock was accom 
at 800 C. These operations were performe ad 
mn air, and no cracking or splitting of any degree 
vas encountered. The hot-rolled 
coated with a powdery white oxide to a depth of 
0.001 to 0.002 in. Thi removed by sandblasting 
ind by pickling | ric, 2 pet hydrofluoric 

iid solution 


product were 
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Fig. 2—Micrograph of Zr-4 wt pct Sn-1.6 wt pct Mo; heated 
to 1000°C for 15 min, quenched to 900°C for 10 min, and 
water quenched; acicular « in 274 X500. Reduced 
approximately 15 pct for reproduction 


Quenching rate tudi were accomplished by 
ealing “-in. cubes of metal in evacuated Vycor 
tube The capsules were 
held for 1 to 3 hr, depending on the temperature, 
and cooled at one of three different rate Water 


quenching was accomplished by breaking the Vycor 


heated to temperature, 


capsules directly over a water bat air quenching 


Wa accompli hed by pulling } Vycor cup ule 


from the furnace and allowing to cool on a well 
ventilated asbesto heet rnace cooling was ac 
complished by leavin the capsule in a furnace 
which cooled at a rate of about 100°C per hi 
Isothermal transformation studies were done in 
much the same manner, except that all samples 
were heated to 1000°C for 15 min. These 
breaking the Vycor 
After a predete 


removed 


ample 
were quenched by capsule 
under the surface of a lead bath 
mined length of time, the samples were 
from the lead and water quenched 

An end-quench test was performed on a ‘'%-in 


q bar. This bar was 3 in. long and wa 


upported 


n the end-quench apparatus by mean a carriage 
bolt screwed into one end of the bar. The bar and 
attached bolt were sealed in an evacuated Vycor 
tube. This was heated to 900°C for 1 hr. The Vycor 
tube was broken on the lip of the furnace, and the 
bar was end-quenched by a '4-in. water stream 
One side of the bar was ground to a depth of about 
0.001 in.. and the entire length of the bar wa ul 
veyed by Dph measurements at appropriate 
terval 

The metallographi 
dentical to that for any 
tin. Zirconium alloys containing t 
brown or black when etched with ] » HE 
NH.HF.. This stain can be removed by 
acid that dissolves tin faster than it doe zirconium 
The procedure used for this alloy involved nding 
to 600 grit, followed by 
and using Linde B alumina 


technique for 


arconium 


trong 


polishing on a cloth lay 
Worked metal wa 
removed by alternate polishing and etching with 10 
pet NH.HF olution Final etchings 
plished by using a 


HNO, and '» to 1 pet NH,HF 


accom 


olution containing 20 pet 
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Fig. 4—Effect of cooling rate on the hardness of Zr-4 wt pct 
Sn-1.6 wt pct Mo alloy taken at room temperature after 
equilibrating at temperature for | to 3 hr 


All tensile tests were made in duplicate on a 
20,000-Ib sjaldwin-Southwark universal testing 
machine. A clip-on extensometer with a l-in. gage 
length was used to measure strain. This exten- 
ometer utilized SR-4 gages on compression loops 
and is accurate to 0.0001 in per in The peed ot 
travel of the head of the testing machine was 0.02 
in. per min. Tests at room temperature were made 
in air; tests at 500°C were made in helium. Tensile 
pecimens were made from sheet stock about 0.07 
n. thick, and the reduced section of the specimen: 
was '» in. wide and 2 in. long. Tensile specimen 
were heat treated in evacuated Vycor tubes or in 
a Stainle teel vacuum furnace. Creep testing at 
100 C was performed in vacuum creep units 

Hardness data were obtained at elevated tempera 
tures by means of a hardness-testing device operat 
ng in a vacuum chamber. Both the specimen and 
the indenter are heated to the test temperature. In 
dentations are made by applying a dead-weight 
load of 1000 ¢ to a 136 pyramid indente: By 
moving the specimen after each indentation, a large 
number of indentations can be made at any tem 
perature or series of temperatures from room tem 
perature to 1000°C. This equipment has been de 
cribed in greater deta! 


est were run on tandard V-notch 


| elsewhere 
Impact t 
Charpy impact specimen Specimens were ma- 
chined from 's-in. sq bar and were heat treated in 
i Stain teel vacuum furnace 

Olsen ductility tests were performed by using a 
tandard Olsen testing machine (7%%-in.-diam ball) 
ind sheet test specimens about 0.07 in. thick 


The weldabilit of the alloy was evaluated by 


eam weldin trips together. Tensile specimen 
were cut from the resultant sheet in such a manner 
that the weld comprised the longitudinal axis of the 
test specimen Welding was accomplished in a 
vacuum-tight chamber in an atmosphere of argon 
a 


Heat-Treatment Response 
In the paper on the binary Zr-Mo system 
Domagala, McPherson, and Hansen pointed out that 
the 8 allotrope of zirconium can be retained on 
ienching alloys containing more than 5 wt pet Mo 
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Fig. 5—End-quench test on Zr 4 wt pct Sn 16 wt pct Mo 
alloy; bar quenched trom 900°C 


Alloys containing less than 5 wt pet Mo transform 
quenching to acicular « or, on very rapid 


By means of suitable heat treatments, it Is po 
ible to produce all three forms of zirconium in the 
Zr-Sn-Mo alloy The retention of #-zirconium } 


Distance From Quenched End 


to martensite 


Effect of Heat Treatment Upon the Tensile Properties of 


Ten 
ot Pet gation te Total Modu 
Offset Maxi Keduc lus of 
Vield itimate mum gation tien Plas 
Strength Strength load in t In of Area tieity 
Psi Vet Vet Vet iw” Pel 
11,700 ‘ i 10 
124.000 " 12 
14 on 
in i 
t 1: Hot re at ed 
t Hot 1 at 
t Hot rolled at BOO reheated t Min 
que hed 
4 Heated t f 1 ! ter q hed 
t Heated to 900°C for 1 hr 1 ‘ 
co Fig. ¢ 


nt 6 Heated to 900°C for 1 ht 


nt 7: Heated to 900°C for 1} ot ed te 


Zr 3.9 Wt Pct Sn 1 6 Wt Pct Mo Alloy 


accomplished by equilibrating the alloy at 6007 o1 
to produce an a@ phase low in molybdenun 
phase enriched in molybdenum. When the 


equilibrated alloy is water quenched, the enriched 


ing the alloy to 1000 C and water quenching. Aci 
zirconium is produced by heating the allo 
‘and cooling at any rate lower than about 


pel min Coarse aciculal a-Zirconium 


be a grain-size effect, or it may be that thers 


B in Fig. 2 


retained. Martensite | produced by heat 


called Widmanstatten «-zirconium. Fig 


3 are examples of these structure The 
hown in Fig. 2 ha lightly lower hardne 
tructure shown in Fig. 1. This effect ma 


mare 
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phy 

& Micrograph of Zr-4 wt pet Sn-16 wt pet Mo alloy 

cold rolled, heated to 900°C tor | hr. and air cooled in a 

in a matrix of aciculor 
zrcomum formed trom zirconmum, 380 Dph X500 Re 

duced approximately 15 pet for reproduction 


Vycor tube, equilibrium 


Fig. 8 Micrograph of Zr-4 wt pct Sn-16 wt pet Mo; cold 
rolled, heated to 950°C for | hr, and water quenched; 
equilibrium «& zirconium in a matrix of martensite, 287 Doh 
X250 Reduced approximately 15 pct for reproduction 


The effect of quenching rate upon the hardne 
of the Zr-4 wt pet Sn-1.6 wt pet Mo alloy is shown 

I 1. This figure shows that a high quenching 
rate produces hardne intermediate to hardnesse 
produced in air cooling and in furnace cooling. The 
low hardn 
pected, and the low hardne 


produced by furnace cooling was ex 


produced by water 


quenching could be explained by assuming that £# 


retained at room temperature. It 
much weaker 


olid solution wa 
has been shown that S-zirconium 1 
ind softer than a-zirconium of the 

tent The high hardnesses produced in air quench 
ing were difficult to explain on the basis of any 
previou Furthe 
tests showed that variability of the quenching rate 


ame alloy con 


work done with zirconium alloy 
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Fig. 7—Micrograph of Zr-4 wt pct Sn-1.6 wt pct Mo; cold 
rolled, heated to 900°C for | hr, cooled to 700°C and held 
for 24 hr, and furnace cooled. ZrMo. spheroids formed at 
«zirconium grain boundaries, 258 Dph. X500 Reduced ap 
proximately 15 pct for reproduction 


Fig. 9—Micrograph of Zr-4 wt pct Sn-1.6 wt pct Mo; heated 
to 1000°C for 15 min, quenched in lead at 600°C, held for 
2 hr, and water quenched; acicular «-zirconium, 366 Dph 
X250. Reduced approximately 15 pct for reproduction 


was not at fault; the faster the quenching rate (be 
tween air-quenching rat and water-quenching 
rates) the softer the alloy became 

As a final check on the validity of the data shown 
in Fig. 4, a subsize end-quench test was run. The 
results of a hardne traverse on this bar are shown 
in Fig. 5. An X-ray diffraction pattern obtained 
from the quenched end of the bar disclosed the 
presence of retained §-zirconium; a-zirconium wa 
tructure. The 
identical to 


also present as an equilibrium 
crostructure of the end of the bar was 
that shown in Fig. 1. Near the end of the bar, small 
pikes of acicular a-zirconium began to appear in 
the microstructure of the #8 phase. At about % ir 


from the quenched end of the bar, the microstruc- 
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ol 
. 
y 
5 
eq © 
# . 4 of « 


ime Was identical to that shown in Fig. 6. At about 
*s in. from the end of the bar, a darker etching be- 
havior suggested that ZrMo, was beginning to pre- 
cipitate from the 8 phase. About 1 in. from the 
quenched end of the bar, the microstructure was 
similar to that in Fig. 7. Micro copl 
acicular a-zirconium appeared long 
hardness was 
ZrMo, appeared considerably after peak hardness 
wa reached. Since 
relatively soft, and since the quantity of 
available for hardening this alloy is ex 
mall, the microstructural data do not seem 
peak shown in 


particles of 
before pe ak 
reached, and microscopic particles of 


MICrTOSCOp a-Zirconium is 
usually 
ZrMo 
tremely 
adequate to explain the hardne 
Fig. 5 

Possibly the hardnes 
related to a very 


phenomena found in thi 
alloy are imilar type of age 
hardening reaction that has been noted in certain 
* Titanium metallurgists have shown 


intimately associated 


titanium alloy 
that the hardening reaction | 
with the decomposition of the A-titanium phase. The 
exact nature of the hardening of @ is still a matter of 
considerable speculation 

The foregoing results on the end-quench bar sug 
vested that useful information might be obtained by 
tudying the time-temperature-transformation chat 


Table Il. Creep Properties of Zirconium and Zr-3.9 Wt Pct Sn-16 
Wt Pct Mo Alloy at 500°C 


Wt Pet 

Are Melted 
lodide Pet Mo 
Zirconium Alley 


Property 
1,700 16.000 
1.800 1.000 
1400 7.500 


10.000 vou 4.000 


acteristics 
Generally speaking, the results were disappointing 
Apparently the rate of decomposition of £-zirconium 
containing 1.6 wt pet Mo is many times faster than 
the rate of decomposition of the enriched 8 produced 
by equilibrating the alloy at 900 C. Conversely, the 
rate of precipitation of ZrMo, from the enriched £1 
much faster and more readily detectable than in the 
case of the homogeneous alloy produced at 1000°C 
Figs. 2, 3, 8, 9, and 10 show some of the structure: 
obtained in the course of these studies. Fig. 8 show 
that the # to a+ transus is near, but above, 950°C 
Fig. 10 shows that the a+ to a+ZrMo, transus i 
above 700°C. The results of the isothermal-trans- 
ummarized in Figs. 11 and 12 
figure how once again that the hardening 
ociated with the early tages of £B 
Vithin the limits 400° to 700°C, the 
achieved in isothermal tran: 
formation 1 horter times the 
higher the temperature of transformation 

It is apparent that a wide variety of propertie 
and structures can be produced in the Zr-4 wt pet 
Sn-1.6 wt pet Mo alloy by controlling fabrication 
heat-treatment temperatures, and 
quenching and aging schedule Some of the tensile 
properties that result from typical fabrication and 
heat-treatment procedures are listed in Table I 


of the Zr-4 wt pet Sn-1.6 wt pet Mo alloy. 


formation studies are 
These 
reaction 1S a 
decomposition 
maximum hardnes: 
lower and occurs at 


procedure 
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Fig. 10—Micrograph of Zr-4 wt pct Sn-16 wt pet Mo, 
heated to 1000°C for 15 min, quenched in lead at 700°C, 
held for 2') hr, and water quenched; acicular « zirconium 
and ZrMo., 302 Dph X500 Reduced approximately 15 pct 
for reproduction 


Treatments | and 2 illustrate the high strength and 
ductility that are achieved in the normal course of 
fabricating this alloy by standard procedures. Fig 
13 illustrates the disperse structure that results from 
treatment 2. Treatments 2, 3, and 4 show the effects 
of heating the alloy to progressively higher tempera 
tures and water quenching; the yield strength of 
the alloy tends to increase slightly, but the ductility 
and modulus are drastically reduced. The effect on 
the modulus is interesting, and can be directly re 
lated to the amount of f-zirconium retained in the 
alloy. It is known that the modulus of A-zirconium 
is much lower than that of a-zirconium, but a value 
for retained # at room temperature has never been 
reported. A tructure produced by 


treatment 4, Fig. 1 50 pet retained # and 


uming that the 
contain 


Table II! Deep Drawing Properties of Zirconium Alloys 


Sheet loadat Cup Depth 
Thickness, bracture at Prac 
Alloy Identification In ib ture, In 


1040 024 
1950 om 
1410 012 


and #-zirconium in @ mixture 
of the two are additive, then the modulus of #-zirco 
nium at room temperature must be about 6 10° psi 
As illustrated in Figs. 4 and 5, retained f#-zirconium 
i u comparatively oft and weak material Thi 


that the moduli of «a 


material is probably responsible for the low tensile 
ductility produced by treatments 3 and 4 

Treatments 4 through 7 illustrate the effects of 
cooling the alloy at progressively slower rates from 
a temperature at which the alloy contains #-zircon: 
im. Treatment 5 shows that, at first, the tensile 
trength is greatly increased in accordance with the 
results shown in Figs. 4 and 5. The ductility i 
low, but the modulus has already begun to increase 
how that considerable ductility 


very 


Treatments 6 and 7 
can be restored by cooling the alloy at very slow 
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3 / 
4 ‘ 
4 
Stre to cause 
in 100 h | 
Stre te suse 
in 1000 hy 
Stre te suse 
iv 1000 h 
Estimated stre 
Are melted, todide zirconium 0 072 
Arc melted odide zirconium 
Zr-4 wt pet Sr 16 wt pet Mo oo77 
Zr-5.1 wt pet Ss 0 068 


ie) 


+B/atZrMo, 


Zr Mo, 


ithe 
00 1000 


Time, mun 


Fig Transformation characteristics of Zr-4 
Sn 16 wt pet Mo alloy 


Fig 12 Transtormation hardness characteristics of 
pet So 16 wt pct Mo alloy Isothermal transformation 


temperatures indicated 


rence between treatment 
flect of grain size and di 
trated by Fig 


rain size produced 


7 and 13 
by treatment trength and lower 
adhuctilit 

Variation of Properties with Temperature 

effects of temperature upon the tensile and 

f the Zr-3.9 wt pet Sn-1.6 wt 

hown in Fig. 14. Compared with 

annealed condition, the hot-rolled 

low temperature and softer at 

emperature Ih eoms to be a charac 

The effect is prob 

ed by the presence of unstable 8-zirconium 


ireonium alloy 


the unequal distribution of alloying element 

ind # phases in the hot-rolled alloy 

harcdne if the alloy at 800°C is responsibl 

cease with which the alloy can be hot rolled 
tem rature 

le properti hown in Fig. 14 are for the 

as fabricated by hot rolling at 800°C, furnace 
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cooling, cold rolling, and annealing at 730°C for 3 hi 
and furnace cooling. In this condition, the alloy has 
also been tested in creep at 500°C. The data con- 
tained in Table II show that the Zr-Sn-Mo alloy 1 
much superior to pure zirconium in creep at thi 
temperature. Fig. 15 shows that the alloy is prob- 
ably superior to pure zirconium in creep at 700°C, 
but that it is inferior to pure zirconium in creep at 
800°C. This reversal i: 
appearance of f#-zirconium in the Zr-Sn-Mo alloy 
at 800°C 

As hot rolled at 800°C and air cooled, the Zr-3.9 
wt pet Sn-1.6 wt pet Mo alloy had an impact strength 
of 9 ft-lb. It was thought that perhaps this low 
caused by the well-known effect of hy 
drogen upon zirconium, © the alloy was degassed 
at 640°C and furnace cooled in a vacuum of le 
than 0.1 mm Hg. The results of impact tests on the 
material in this condition are shown in Fig. 16. Evi- 
dently the embrittlement caused by heating this al- 
loy into a f# region is more severe than the effect 
of hydrogen. No solution to this problem has been 
found 


undoubtedly caused by the 


value wa 


Secondary Fabrication Characteristics 


As hot rolled at 800°C and furnace cooled, the 
Zr-4 wt pet Sn-1.6 wt pet Mo alloy can be cold re- 
duced about 20 pet in thickness without cracking 
If this worked material is annealed for 3 hr at 730°C 
and furnace cooled, it can be cold rolled to some- 
what greater reductions. A 1-in.-wide strip of thi 
alloy was cold reduced in 42 passes from a 0.076-in 
thickness to 0.006-in. thickne Edge cracking wa 
first noticed at about 40 pet reduction and crackin; 
Roll- 


becau ot 


became appreciable at about 50 pet reduction 
stopped at 0.006-in. thickne 
At this point, the strip wa 
144 in. wide and cracks about '% in. long extended 
into the strip from each edge. The hardne of the 
alloy increased only 30 Dph in the first 50 pet reduc- 


Wa 


mill limitations about 


tion, and no significant change in hardne occurred 
in further reduction 
The deep-drawing capacity of high-purity zirco 


nium is very good, but contaminants and alloying 


Fig. 13—Micrograph of Zr-4 wt pct Sn-1.6 wt pct Mo; hot 
rolled at 800°C, furnace cooled, cold rolled, heated to 
730°C for 3 hr, and furnace cooled; finely dispersed ZrMo 
in «zirconium, 235 Dph X250. Reduced approximately 15 
pct for reproduction 
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elements tend to reduce this ability greatly. The 
results of duplicate Olsen ductility tests on a few 
zirconium alloys are shown in Table HI. Obviously, 
zirconium alloys will not be such desirable materials 
for deep drawing as high-purity zirconium 

The Zr-4 wt pet Sn-1.6 wt pet Mo alloy can be 
welded either by butt welding or by seam welding 
where pure zirconium is used as a filler material 
However, the weld and heat-affected zone are ex- 
tremely brittle in the as-welded condition. This 
effect could be predicted from the heat-treatment 
response of the alloy; the weld zone is heated above 
the 8 transus and the cooling 
water quenching in quenching 
in othe: The structure of the weld zone | 
itic, see Fig. 3, and this structure alone has been 
known to cause brittleness in zirconium alloys. The 
average hardness of the weld zone in one sample of 
the Zr-3.9 wt pet Sn-1.6 wt pet Mo alloy, as welded, 
was 376 Dph. This hardness can be greatly reduced 
and the ductility of the weld can be partially re- 
stored by proper heat treatment. Table IV shows 
the effect of heat treatment on tensile specimens 
having a seam weld down their axis 


rate approximates 
ome areas and al! 
marten 


Effect of Heat Treatment on the Tensile Properties of 
Welds in Zr-4 Wt Pct Sn-16 Wt Pct Mo Alloy 


Heat “7? Pet Total 

Treat Offset Vield timate Elongation Keduction 
ment Strength > in ttn of Area, 
Psi Pet Pet 


As butt welded (no filler material 
Butt welded, heated to 740°C for 
eat ided using pure zirconiun 
to 900°C for 1 hr, cooied to 7Joo"C 
ed 


Variation of Properties with Composition 


Molybdenum is responsible for the heat-treatment 
character of the Zr-4 wt pet Sn-1.6 wt pet Mo alloy 
Increasing amounts of molybdenum increase the 
tability of the £ phase. This effect delays the onset 
of the age-hardening reaction, but does not elim- 
Alloy 

irable as creep-resistant alloys at 500°C 
ing amount 
tability of the # phase. A: 
phase decreases, the 
celerated until it is effectively eliminated by overag 
fastest cooling rate 
major advantages of the ternary Zn 
over binary Zr-Sn alloys is 
with which the ternary alloys can be 
The 800°C hardness of Zr-4 wt 
with increasing molybdenum 


inate it containing metastable £ are not de- 
Decreas- 
of molybdenum cause a decrease in the 
the stability of the £ 


ave-hardening reaction 1s ac- 


ing at even the 

One of the 
Sn-Mo alloy 
parative ease 
hot rolled at 800 C 
pet Sn alloys 
content up to about 2 wt pet Mo. The #-zirconium 


the com 


decrease 
phase is responsible for this unusual effect 

Over a wide range of compositions, the room-tem- 
perature strength and ductility of the Zr-Sn-Mo 
alloys are not affected as much by minor changes in 
they are by changes in heat treat 
on of Table V with Table I show 
In general, of course, the strength 


compo ition a 
ment A compari 
this to be true 
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Fig. 14—Effect of temperature on the hardness and tensile 
properties of Zr-3.9 wt pct Sn-1.6 wt pct Mo alloy 
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ordness 
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Fig. 15—Hot hardness vs time of indentation for zirconium 
and Zr-3.9 wt pet Sn-16 wt pet Mo alloy 


of alloys increases and ductility decreases with in 


creases in total alloy content 


Conclusions 
The Zr-4 wt pet Sn-1.6 wt pet Mo alloy can be 
heat treated to yield a variety of properties. In it 
a tensile strength of 
trongest state, it has a tensile 
140,000 psi Its hot-rolling 
nearly ideal and, after prope: 


most ductile condition, it ha 
90,000 psi; in its 
strength in exce of 
character at 800°C 1 

heat treatment, it can be cold reduced more than 20 
pet without cracking. It has relatively good creep 
trength at 500°C, and its properties are not dra 

minor variation 


tically changed by in composition 
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Fig. 16-—Impact 
strength of Zr 3.9 
wt pct Sn-1 6 wt pct 
Mo alloy 
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Table V_ Effect of Composition on the Tensile Properties of Zr-Sn 
Mo Alloys at Room Temperature. All Alloys Cold Rolled and 
Annealed Below 780°C 


Alley ot Pet tion to Total Keduc- 
Analysis Offset Maxi blon 
(Balance Vield timate mum gation 
Zirconium) Strength, Strength, Lead in 
Wt Pet Psi Pet Pet 
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Effect of Small Amounts of Alloying 


Elements on the Ductility of Cast Molybdenum 


by L. E. Olds and G. W. P Rengstorff 


rma earch has shown that cast molyb- 

denun ul ood ductility at room temperature 
if the metal ficrently pure. In practice, how- 
ever, itis very difficult to reduce the impurity con- 
tent of molybdenum to a few parts per million—the 
maximum content of impurities allowable to obtain 


reasonable ductility in coarse-vrained molybdenum 


L E OLDS, tormerly with Battelle Memorial Institute, is with the 
Denver Research Institute, Denver G W P. RENGSTORFF, Member 
AIME, is associated with Battelle Merorial Institute, Columbus, 
Ohio 

TP 4372E Manuscript, Apr 13, 1956 Cleveland Meeting, October 
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Also, subsequent fabrication may reintroduce 
enough impurity to damage ductility greatly, unless 
extreme precautions are taken to protect the metal 
during working 

The major impurities which embrittle molyb- 
denum are oxygen, nitrogen and, to a lesser degree, 
carbon. It is reasonable to assume that the harmful 
effects of such impurities might be neutralized by 
mall amounts of alloying additions. The desired 
alloying elements would be those which might form 
table metal oxides or nitrides that would not be 
harmful to ductility, or those which might increase 
the tolerance of molybdenum for oxygen and nitro- 
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Fig. |—Micrograph of Mo-07 pct Ti alloy, as cast; etched 
with K.Fe(CN).:-KOH. X500. Reduced approximately 30 pct 
for reproduction 


ven by some mechanism such as an increase in the 


olubility of these impurities in the matrix phase 


Preliminary Investigation 
A number of strong oxide, nitride, and carbide 
formers were investigated in a preliminary survey 
to determine which, if any, held promise as addition 
for neutralizing contaminants in molybdenum. The 
addition elements studied in this survey were chosen 


from the various groups in the Periodic Table, as 


Table |. Raw Materials Used to Prepare Alloys 


Element Grade 
1 bdenu fie suum fu n* 
I it lodide 
rh un lodide 
Alu i m9 t pu 
in 46 6 pet pure 
Va liu { Carbide & Carbon Corp., ductile grade 
B H i fied 
lv le 
H ple G le A Bureau of Mine 
* Purified t elting er bar stock once high un rt 
edur rs the ue ontent to about ppn i leave 


group 2, beryllium; group 3, boron, alumi- 
ihheon, titanium, zirco- 


follow 
num, and cerium; group 4, 
nium, and thorium; group 5, vanadium, columbium, 
and tantalum; and group 6, chromium 
To determine possible neutralizing effect 
of these elements with molybdenum were prepared 
type of melt- 


alloy 


by arc melting once in a vacuum. Thi 
produces unalloyed molybdenum in- 
gots of little or no ductility, since an insufficient 
quantity of impurities is volatilized while the metal 
is molten. Thus, the presence of ductility in any of 
the once-melted alloys would indicate that the addi- 
tive was causing a desirable reaction 

The alloys were tested for ductility at room tem- 
perature by bending small specimens cut from the 
From these tests it was observed that, of 
tudied, 
and vanadium im- 


ing normally 


ingots 
the alloying element 
cerium, titanium, zirconium, 
proved the cold ductility of cast molybdenum when 
less than about 0.5 pet. Thorium 
also improved ductility, although additions in the 
range of 5 to 10 pet were required. On the othe: 
hand, additions of 0.5 pet and less of beryllium 


boron, aluminum 


added in amount 
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Fig. 2—Micrograph of Mo-10 pct Th alloy, as cast, etched 
with K.Fe(CN). KOH. X500 Reduced approximately 25 pct 


tor reproduction 


tantalum, and chromium gave 
On the basis of thi 
tudy wa 


theon, columbium 


little improvement preliminary 


investigation, a more extensive made of 


the promising alloy systems 


Preparation of Alloys 
The alloys for more detailed studie 


pared as 24» in. diam, 2 in. high ingots by are melt 


were pre- 


an atmosphere of 
light posi- 
been found 


ing high-purity raw materials in 
high-purity helium gas maintained at a 
tive pressure. This type of melting ha 
idual impurity content in molyb 


imilar range 


to result In a re 
denum of from 5 to 10 ppm O, with a 
for the nitrogen content In contrast, the minimum 
impurity content necessary for good low-tempera 
ture ductility of unalloyed cast molybdenum is about 
1 to 2 ppm O and 10 to 20 ppm N 

from which the experimental 
alloy were prepared are listed in Table |. The 
amounts of the alloy additions which were made, 
with the percentage retention of the addition 


The raw material 


alon 
during melting, and the method of making the alloy 
ing addition, are given in Table Il, The master alloy 
melting in helium, using a 


prepared by are 
direct current. The small 


and 


were 


electrode 


tungsten 


Table Il. Alloys Prepared for Investigation 


Kange of 
Alloying Ketention of 


Method of Making 


Alloying Addition Addition after 

blement Vet Melting, Pet Alloyed Additions 

rit i to 4 09 to 100 Viaster allo or 20 
pet Ti 

I t mt in lachined ehig or 
re heet i 
i ibove pet 
Master 20 
pet TI for ! 
of 1 pet TI 1 ie 

i 0.5 to to Viaster «a pet A 

O1to6 t determined Master a pet Ce 

\ 1251 t deter ed Miuaste 20 pet 

0 0002 to t detert ed pet 

i 0.25 t detert ed Master a pot 


were made from high-purity 
retention of the 


(50 to 100 g) button 
noted in Table I The 


vacuurm-melting opera- 


materials a 
alloying elements during the 
pood in the case of titanium and 


volatilized readily 


tion Wa ver 
thorium Hi 


The retention of vanadium 


mwwever, the aluminum 


boron, cerium, or Zi! 


conium was not determined, but since only minor 
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Fig 3--Effect of various elements on bend test transition 
temperature of cast molybdenum Aluminum and titanium 
compositions are actual values Boron, cerum, zirconium, 
vanadium, and thorium compositions are the amounts which 
were added Bend tests were made at a strain rate of 0.038 


mn per mn per sec 


amounts of these elements would volatilize during 


melting, it is likely that most of the addition wa 


retained 


Microstructure of Alloys 

of all but the Mo- 
phased except for small 
mounts of nonmetallic inclusions. A typical micro- 
hown in Fig. 1 All of 


contained a major sec 


In peneral, the microstructure 


Th alloy wer ingle 


tructure for these alloys 1 
the Mo-Th alloy 
which increased in amount as the thorium 


however! 
ond phase 
content of the alloy 
identified by X-ray diffraction as thorium 
microstructure of the Mo-Th alloy 1 
Fig. 2 


phase wa 
A typical 
hown in 


increased Thi 


Ductility Tests 
The ductility of the 
bend test using 


alloys was measured by a 
taken from slab 
o that the columnar 


pecimen 
which were cut from the ingot 
erain structure of the ingots was transverse to the 
length of the specimen ax! 


ve ith Table Ill 


Specifications for thi 


Table Bend Test Specifications 


Multiple tests were made at a series of tempera- 
tures to determine the temperature at which the 
changed from ductile to brittle behavior 
uflicient 
mens are tested at there 1s 
a sharp inflection of the curve relating the limits of 


pecimen 


Previous research has shown that, if peci- 


variou temperatures, 
the maximum bend angles to testing temperature 
on the curve at approximately 
value For the study 
which thi 


his inflection occur 
the 4 
the temperature 


bend angle present 


inflection occurred 
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were taken as the transition temperatures of the 
experimental alloys 

lypical test data obtained for the Mo-Ti alloys 
are given in Table 1V. The transition temperatures 
which were selected on the basis of the test data are 
summarized in Table V 


Discussion 

The results of this study are summarized in Fig. 3, 
wherein the transition temperatures of the ingots 
are plotted with respect to composition. If the curves 
hown in this figure are limited to the alloys tested, 
the seven alloying elements fall into three general 
classes 

1) Those elements which have an optimum value 
in the curve of transition temperature vs composi- 
tion. Included in this class are titanium, cerium, 
vanadium, and boron 

2) Those elements which have no optimum value 
in the curve of transition temperature vs composi- 
tion, but which cause an increase in brittleness as 
the alloy content increases. Zirconium and alumi- 
num were of this class 

3) Those elements which have no optimum value 
in the curve of transition temperature vs composi- 
tion, but which cause a decrease in brittleness with 
increasing alloy content. Of the seven elements 
tudied, only thorium fell in this class 

Of the elements in Class 1, titanium not only im- 
parted the greatest degree of ductility to the ingots, 
but also extended this improvement over the broad- 
est range of composition. This is fortunate, since 
ductility may then be obtained over a range of ti- 


Table Typical Bend. Test Data 


Bend Angle, Degrees 


Ingot Ingot Ingot Ingeot Ingot 
Ti-t Ti-is 

(0.06 (1.68 (3.66 

Pet Th Pet Ti) Pet Ti) Pet Ti) 


tunium contents. Therefore, compositional control 
is not so critical for the titanium alloys as it is for 
ome of the other alloy systems 

The optimum values in the curves fol 
cerium, vanadium, and titanium are belived to be 
associated with the effects of the elements on neu- 
tralizing the harmful effects of impurity elements 
The exact mechanism is not known. However, since 
all of the alloying elements are strong oxide or ni- 
tride formers, it is likely that at least part of the 
improvement in ductility is the result of the forma- 
tion of oxides or nitrides of the added elements and 
that these oxides or nitrides are less harmful to the 
ductility of the cast molybdenum than is molyb- 
denum oxide or nitride. The quantity of an element 
which is needed to form such compounds is not 
expected to be large because only small amounts of 
impurities are normally present in molyb- 
denum. Thus, it is not surprising that the great 
improvement in the ductility of cast molybdenum 
1 occurred at or below the 


boron, 


Raseou 


by the elements in Class 
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Table V. Transition Temperatures of Binary Molybdenum-Base Alloys Melted in a Helium Atmosphere 


Mo-Ti Alloys Mo-Th Alloys 
Transition 
Temper- 
Pet Th* ature, °€ 


Transition 
Temper- 


Pet Ti ature, °C 


Mo-B Alleys 


Transition 
Temper 
Pet ature, 


0 002 290 
0 005 ao 
oOo! 75 


1 
O05 275 


Mo-Al Alloys Mo-V Alleys 


Transition Transition 
Temper 


Pet Al ature, 


Mo-Ce Alloys Mo. 7r Alloys 
Transition 
Temper 
Pet Zr* ature, 


Transition 
Temper 
ature, 


200) 
150 


level of 1 pet of alloy. Of course, the alloy addition 
may have other effects on the impurities, such a 
that of increasing the solubility of the impurity 
element in either the matrix or in some 
phase. Such a reaction would also be expected to 
result in improved ductility 

When the content of an element in Class 1 (tita- 
nium, cerium, vanadium, and boron) was increased 
beyond that for maximum ductility, neutralization 
appeared to be offset by the normal solid solution 
hardening effect of the addition. Thus, the ingot 
became progressively more brittle until the transi 
tion temperature reached or exceeded that of un- 
alloyed molybdenum 

The Class 2 elements (aluminum and zirconium) 
howed no optimum value in the curve of transition 
temperature vs composition over the composition 
However, it is possible that an op- 


econd 


range studied 
timum value may occur at lower percentages. In 
that case, the same mechanism to explain neutraliza- 
tion as postulated for elements in Cla 1 would 
probably apply. Any improvement in ductility ex 
pected from aluminum and zirconium would occur, 
therefore, at lower percentages than for either ti- 
tanium or vanadium 

Thorium was the only element which fell in the 
third cla In the case of thorium, the alloys become 
more ductile as the alloy content was increased. Fo 
this reason, the improvement in ductility at the 
higher levels of thorium is believed to occur by a 
different mechanism than for the other system 
tudied. Rather than a deoxidation type of action 
the improvement in ductility probably resulted from 
an alloying effect in which a soft envelope of sub 
stantially pure thorium was formed at the grain 
Ductility of the alloy would then occur 
ufficient thickne 
brittlene of 


boundarie 
when this ductile envelope was of 
to offset the usual 
molybdenum 
Because of the excellent ductility at low tem- 


intergranular 


containing thorium, a number of 
amples were stressed in tension at 1500° to 1800°F 
All failed rapidly at low loads without apparent 
elongation. This weakness at elevated temperature 
is probably due to the thorium which 
the grains of molybdenum. Thus, the structure which 


peratures of alloys 


urround 


gives good ductility at low temperatures appears to 


cause weakness at high temperatures 
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Table Vi. Optimum Alloy Contents for Maximum Ductility 


Vercentage 
of Alloying 
Fiement 
Needed for 
Masimum 
Pructility 


Lowest 
Hend- Test 
Transition 
Temperature 

in System, 


Alloying 
biement 


volated 


A listing of optimum alloy contents for maximum 


ductility for each of the seven element tudied 1 
hown in Table VI 

Conclusions 
1) Of the element tudied, the most effective 
the bend angle transition tem 


limited 


addition for lowering 
molybdenum containing 
titanium in 


perature of cast 
amounts of oxygen and nitrogen wa 
amounts of 0.5 to 1 pet 

2) Other additions in the order of their decrea 
ing effectiveness were 10 pet Th, 0.026 pet Al, 0.1 pet 
Ce, 0.5 pet V, and less than 0.25 pet Z1 

3) The high-thorium addition improved the duc 
tility of cast moiybdenum at temperatures near and 
below room temperature, but impaired the ductility 
at temperatures above 1500 F, 
the metal hot short 


actually rendering 
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Structural Changes Associated with Strain-Induced 


Grain Boundary Migration in Si-Fe 


Strain-induced grain boundary migration was observed in several bicrystal sheet speci 
mens of Si-Fe (3'4 pct Si) which were cold rolled 2 to 12 pct and then annealed at tem- 
peratures up to 1200°C. A chrome-acetic acid electroetching method was used to reveal 
the dislocation sites before and after grain boundary migration. Recovery effects were 
noted in the microstructure prior to boundary motion. Consequently, the residual strain 
energy in neighboring grains may determine if boundary migration with resulting increase 


of area occurs, and its direction of movement 


Microstructural data indicate that the 


region initially traversed by the moving grain boundary has many structural defects in 
the form of low-angle boundaries and random dislocations of relatively high density. With 
increased distance of grain boundary migration, the density of these imperfections was 
found to decrease. Continued annealing at 1200°C, after boundary migration, lowered the 
density of random dislocations in the swept region to a limiting value of about 2x10" lines 


per sq cm 


by K. T. Aust and C. G. Dunn 


have reported a type of grain 
boundary migration which when a 
trained grain grows into an adjacent deformed 
rain during annealing. Beck and Sperry’ called thi 
phenomenon strain-induced grain boundary migra 
tion, since the observed boundary movement, which 
tukes place in a direction away from the center of 
curvature, is apparently motivated by the excess 
free energy of strain hardening. However, little in- 
formation has been obtained on the detailed struc- 
tural changes accompanying such grain boundary 
motion 

The problem of driving force for strain-induced 
boundary migration was considered by Dunn and 
Daniel who used bent bierystals of Si-Fe. They 
demonstrated that two grains of differing energy, 
in the form of subboundaries, behaved according to 
the concept that the low-energy grain would grow 
at the expense of the high-energy grain seck™” re- 
ported experiments of Sperry for high-purity alu- 
minum, which indicated that generally the parti 
ular grain of a pair which work-hardened more wa 
invaded. The measure of work hardening here was 
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AIME. are associated with the Research Laboratory, General Elec 
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Fig. 1—Stereogram gives {100} poles of grains in four bi 
crystal specimens. Circles refer to specimen $1; squares, S2; 
triangles, $3; and diamonds, $4. Open symbols refer to grain 
A and closed symbols to grain B in each specimen 
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Fig. 2—Micrograph of specimen S| shows the region A’ 
swept by boundary migration during growth of grain A into 
grain B, after '2 hr anneal at 1200°C. Electropolish and 
chrome-acetic acid electroetch. X55. Reduced approximately 
15 pet for reproduction 


based on Knoop hardness tests conducted before and 
after cold rolling. However, there were a few in- 
stances noted where the grain being invaded was 
less work-hardened than the adjacent grain. Bron 
and Machlin” reported boundary mobilities for high 
purity silver, where the driving force was the de- 
crease in strain energy associated with the difference 
in dislocation density across the grain boundary 

Several investigators have suggested that the 
area swept by strain-induced boundary migration | 
essentially strain-free. Beck” also reported that low- 
wept-out re- 
gion and accounted for their presence in terms of 
growth of parts of the adjacent strain-hardened 
grain 

In the present study, suitable orientation rela- 
amount of cold-rolling deformation, and 
annealing were employed to obtain 
train-induced grain boundary migration in bicrys- 
tals of Si-Fe. A chrome-acetic acid electroetching 
method was used to reveal dislocation sites, since 
Hibbard and Dunn” have demonstrated that thi 
technique is reliable for determining edge disloca- 
tion densities in Si-Fe. It was believed that the ap- 
plication of the electroetch method to the problem 


angle boundaries were found in the 


tionships, 
treatment 


of strain-induced grain boundary migration might 
clarify the structural features involved, such as dis- 
location configurations and densities in adjacent 
grains before and after boundary movement, and 
the extent of crystal perfection in the 


region 


ept out 


Experimental Procedure 


Bicrystal 
pared by annealing critically 
line sheet material of 1 mm thickness. The 
mens were then annealed at 1200°C in H, atm for 
30 to 60 hr, to obtain relatively stable grain bound 
(grain 


vecimens of 3% pet Si-Fe were pre 

trained polycrystal- 
speci- 


ane The orientations of adjacent grain 
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Fig. 3—Enlarged 
Laue X-ray reflec 
tions, top to bottom, 
are for the regions 4 
B.A, and A, re 
spectively, shown in 
Fig. 2 


A and B) in each bicrystal are given in Fig. 1, as 
determined from X-ray Laue transmission pattern 

The specimens were cold rolled 2 to 12 pet, etehed 
lightly in a 30 pet nitric acid solution, and then 
viven the various annealing treatments listed in 
Table I 

After each anneal, the specimens were lightly 
etched in a solution consisting of 2 cu cm HNO,, 2 
cu cm HF, and 100 cu em H.O, to reveal both the 
initial and final positions of the grain boundary 
X-ray Laue transmission patterns 
tained from adjacent grains and the area 


were also ob 
wept-out 
by the advancing boundary 

It was noted in preliminary tests that the pro 
longed anneals at 1200°C in H, atm, employed in 
the specimen preparation, lowered the carbon con 
tent to 
ing in chrome-acetic acid failed to reveal the di 
location site The importance of carbon in reveal 
in Si-Fe was demonstrated 


uch an extent that subsequent electroetch 


ing dislocation etch pit 


Table |. Annealing Treatments 


Cold 
Kolling 
Keduction 


men No Vet Treatment 


1100°C, plus hr at 1200°¢ 
hr at piu a hr at 1200°¢ 
ttent anne ng at 1200°C, total time 


at l200°¢ 


by Suits and Low.” Consequently, a small amount 
added to 
mean of an anneal in low 
for ‘2 1 hr, except 
anneal was used. The 


of carbon (approximately 0.005 pet) wa 
each specimen by 
pressure acetylene at 775 C 


in one case, when 
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Fig. 4--Micrograph of specimen $1! depicts an area where 
no gram boundary migration occurred, after ‘2 hr at 
1200°C X1000 Reduced approximately 5 pct for reproduc 


tron 


pecimens were then clectropolished by 
Klectropol an electrolyte consisting of 1 
perchloric acid (60 pet), 60 odium thiocy 

io #2 citric acid, B00 cu em ethanol, and 100 ¢ 
propanol, and finally were electroetched in- th 
acid bath. Micrographs were obtained 
from X50 to X1250 


chrome 
it mavnihieation 
Results 


Structural Observations An example of strain- 
hown in Fig 
2 tor Sl (specimen No. 1). Grain A ha 


thereby 


nduced grain boundary migration 
vrown at 
m expense of grain B producing region 


Brain 


1) which has the same average orientation a 
1 ‘The positions of the 

advanced further into grain HB, have 


vrain boundary, which have 
moved away 
from their centers of curvature. If the darkne of 
the area taken a 


hown in Fig a qualitative 


ndication of the relative rain energies remaining 
where «,, and 
train rey densiti in \ A, 


Sines nergy density varie 


after annealing, then «, 
are the residual 
and respectively 
location 
taken 
ement and density of 


vith dislocation arrangement at constant di 

ity, the term strain energy density here 1 
to mean the net effect of a 
dislocation The energy density in the region A 
adjacent to the mitial position of the 
appear io be higher than in regions of A 


vrain boundary 

further 

away from this boundary position 
Fig. 3 shows enlarged Laue X-ray 


tained from regions B, A’, and A of Sl. The inequal 


reflections ob- 
ity of residual strain energy between grains A and 
served in the microstructure confirmed by 

ad in the individual Laue reflections, Fig 
fa and ss The break up of the reflection, Fig 
ib, for region A’ indicates the pr we of several 
onented region uch region ay correspond 
to the 
microstructure 


Micro 
apparent equality of residual energy 


relatively large ubgrain vealed in the 


examination generally revealed an 


between grain 
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Fig. 5—Microstructure is shown for sample | of specimen $2 
after 12 pct cold rolling reduction and 4 hr anneal at 575°C 
X500. Reduced approximately 30 pct for reproduction 


1 and B in regions of Sl where no boundary migra- 
tion had occurred. Fig. 4 depicts an area where 
rain A did not advance into grain B (after the 
1200 C anneal), although the overall energy re- 
maining in grain B seems to be higher than that in 
grain A. However, recovery has apparently occurred 
to a greater extent in the region of grain B adjacent 
to the grain boundary than elsewhere in grain B 
The absence of boundary movement for the area 
hown in Fig. 4, therefore, may be due to a low or 
zero driving force on the grain boundary as a result 
of recovery 

S2 was divided into three samples, which were 
ubjected to various anneals at increasing tempera- 
in order to follow the 


tures and time tructural 


changes prior to and after boundary migration. Fig 

hows the microstructure revealed in the first sam 
ple, which was cold rolled 12 pet and then given a 
carbon-addition treatment for 4 hr at 575 °C. Al- 
though the carbon anneal may have modified the 
initially as cold-rolled structure to some extent, it 
did not change the structure sufficiently to erase the 
lip band The tructure 


appearance of lip band 


TRANSACTIONS AIME 


is evident for both grains A and B in areas remote 
from the grain boundary (upper and lower micro- 
graphs) after a light electroetching treatment (2 
min at 4 volts). It is apparent from Fig. 5 that grain 
B has a higher strain energy than grain A. X-ray 
Lauegrams also revealed more orientation spread 
in grain B than in grain A. However, the center mi- 
crograph of Fig. 5 indicates that the strain configu- 
ration associated with grain B is fairly continuous 
across the grain boundary into grain A, suggesting 
little difference in strain energy between grains A 
and B in areas adjacent to the grain boundary. Nev- 
ertheless, grain A later grew into grain B in the 
second and third samples from S2 when annealed 
at higher temperatures 

The microstructure of the second sample after an 
anneal of 15 min at 1000°C is illustrated in Fig. 6, 
in a boundary region where no boundary migration 
occurred. Carbon was added after the anneal in 
order to reveal the dislocation configurations. It is 
evident that the worked structure, Fig. 5, has been 
replaced by a partially polygonized structure, Fig. 6 
A difference in energy between grains A and B at 
the boundary is now observed in Fig. 6, which may 
be explained in terms of a greater degree of recov- 
ery in grain A near the boundary. Fig. 7a shows a 
region where boundary migration did occur in this 
same sample, in which grain A grew into grain B for 
a maximum distance of 0.09 mm. An enlarged mi 
crograph of part of the area shown in Fig. 7a is given 
in Fig. 7b. The area swept out by the grain bound- 
ary is far from perfect, as indicated by the presence 
of numerous subboundaries and random dislocation 
of relatively high density (about 10° lines per sq 
cm) within each subgrain 

The third sample from S2 was annealed for 75 
min at 1000°C, and then for 15 min at 1200 °C, since 
no migration was observed after the 1000°C anneal 
During the 15-min anneal at 1200°C, grain A ad- 
vanced into grain B for a distance of 0.55 cm, corre- 
sponding to an average rate of migration of 2.2 cm 
per hr. The top micrograph of Fig. 8 depicts the 
final growth front separating grain B and the swept- 
A typical recovered area in grain A 
The occurrence of 


out region A’ 
is shown in the lower picture 
increased amount of recovery in both grain A and 
grain B is evident when the microstructures of Figs 
6 and 8 are compared. Generally the area traversed 
by the growth of grain A into B, ie 
many subboundaries, although that shown in Fig. 8 
is free of subboundaries and corresponds to a dislo 
cation density of about 1.5 » 10° lines per sq cm 
However, subboundaries were found to increase in 
number as the position of the grain boundary prior 


, region A’, has 


to migration is approached 

It is evident from Fig. 8 that grain B consist 
essentially of a system of subgrains, which in turn 
have smaller subdivisions according to the various 
arrangements of dislocation sites seen in the micro- 
The small subgrains have less misorien 
tation than the larger subgrains, as indicated by the 
spacing of etch pits in the subboundaries. These two 
kinds of subboundaries may be similar to the pri- 
mary and secondary subboundaries observed by 
Jacquet" in the microstructure of slightly deformed 
and annealed a-brass. Weissmann,” using combined 
X-ray microscopy and diffraction analysis, has also 
reported similar observations for nickel and several 
nickel alloys which were annealed '% hr at 1150°C, 
prestrained 0 to 4 pet and recovered for 1 hr at 
800°C 


structure 
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An example of mutual invasion by two adjoining 
grains is of interest since this behavior would sug- 
gest a variable strain energy density along the grain 
boundary. Beck” has reported one instance in high- 
purity aluminum where two grains mutually in- 
vaded each other, although one of these invasions 
was indirect, by way of a third grain. An example 
of direct mutual invasion was found in the present 
work for S4, after a ' hr anneal at 1200°C, and ! 
shown in Fig. 9. Growth of grain B into grain A Is 
evident in the macrograph, but the growth of A into 
B producing the region A’ is predominant. This ob- 
servation indicates that the local strain energy den- 
an important factor 
train-induced 


sity near the grain boundary Its 
in determining the direction” of 
boundary motion 

Variation of Dislocation Density in the Region 
Swept-Out by Boundary Migration —Strain-induced 
boundary migration was found in S3 after 64% hi 
anneal at 1200°C, but very little additional migra 
tion occurred on further annealing at this tempera 
ture. The density variation of random dislocation 
wept region (A’) in S3 wa 
from micrographs 


in various areas of the 
determined by etch-pit counts 
(X500), as a function of annealing time at 1200°C 
The number of etch-pits varicd between 850 and 
4600 in individual areas, each 4 © 10° sq em. The 
data are shown in Fig. 10; the numbers 1, 2 and 3 
refer to the individual areas in A’. The results indi 
cate a variation in dislocation density in the region 


swept out by boundary migration, at least in the 


early stage of annealing at 1200 °C. Further an 
nealing at 1200 C lowered the dislocation density in 
until all the areas had a 
qem. The 

with an 


the higher density area 
common value of about 2 © 10° lines pet 
observed decrease in dislocation density 
nealing time is a recovery process which occurred 
after grain boundary movement, resulting in a more 
stable swept-out region having lower energy 
Variation of dislocation density with 
from the initial grain boundary position was 


distance 
found 


Fig. 6—Micrograph 
of sample 2, speci 
men $2, after 15 
min at 1000°C 
shows the structure 
near the grain 
boundary where no 
migration occurred 
X500. Enlarged ap 
proximately 20 pct 
for reproduction 
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Fig 7 


Micrographs of sample 2, specimen $2, after 15 min at 1000°C illustrate an area where grain boundary migration was 


found LEFT X250. RIGHT part of area shown at left at X1250 Reduced approximately 10 pct for reproduction 


oduced by the growth of 
9 The microstructure of 
boundary 

anneal ¢ n which a low 
eparate ms A and \ Thi 
izontally in 


initial po ition 


boundary (1 oir he 
the growth direction, bused on an inte! 
pretation of Fig. 9. The dislocation nA mmedi 
ntely adjacent to the 


ie randomly distributed within a single ubgrain 


vin boundary po ition 


Vs 


~ 


7s 
™ 
Fig. 8 Micrographs of sample 3, specimen $2, depict the 
structure obtained after 15 min at 1200°C TOP area show 
ing grain boundary between B and A’. BOTTOM: area within 
grain A. X500 Reduced approximately 15 pct for reproduc 
tron 
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and correspond to a density of 4.3 ~ 10° lines per sq 
em. At distances of 0.13 and 0.25 cm from this posi- 
tion, and still within the same subgrain in A’ but 
not shown in Fig. 11, the density decreased to 3.4 
10° and 2.2 10° lines per sq cm, respectively Also, 
recovery has occurred in grain A (lower part of 
Fig. 11) in which the dislocations have aligned into 
partial arrays corresponding to a density of about 
& ~ 10° lines per sq cm 


Discussion 


The observation tudy con- 
cerning recovery prior to grain boundary migration 
are in agreement with the results for aluminum ob- 
tained by Crussard,” who found that recrystallization- 
in-situ or polygonization occurred in two adjacent 
vrains during a time delay of 50 min at 495°C prio 
Although Beck” reported 
no apparent induction period at 350 C for strain- 
in high-purity alumi- 


made in the present 


to boundary movement 


induced boundary migration 
have occurred at room 
hould have 
in this material 


num ome recovery may 


temperature and undoubtedly been 
very rapid at high temperature 

The present results indicate that the swept-out 
area becomes more perfect, in terms of fewer sub- 
boundaries and decreased density of random dislo- 
grain boundary 


cations, with increased distance of 


The propagation of a polygonized struc- 
demonstrated by Dunn and Daniels,” and 


boundaries as a result 


ture Wa 

the formation of low-angle 
of growth from points along the grain boundary wa 
indicated by Beck and Sperry. There is no sugges- 
tion, however, in these earlier studies of any overall 
decrease in dislocation density with distance of 
migration. If the 
rain is considered as a system of 


boundary region in the growing 
ubgrains with 
more or less random dislocations within the sub 
then as atoms are transferred acros 
ary it is evident that dislocations which are parallel 
to the boundary will remain behind.” Also, certain 


ubboundaries may be lost due to termination in the 


‘rains, a bound- 


rface, and direct observation in swept areas con- 
firms thi 
Since the area being 


with increased distance of boundary migration, an 


in the present work 

wept becomes more perfect 
increase in the difference in strain energy density, 
ie. the driving force for boundary migration, might 
be expected. The results also indicate that recovery 
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Q b 

in S4 in th 

rain Au 

Fig. 11 st 

ifter the 

angle be 

| 
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occurs in the grain being consumed, which decreases 
the strain energy driving force. These two variations 
tend to cancel and, therefore, the exact change in 
driving force with time at temperature is not clear 
However, a partial treatment of this problem is dis- 
cussed elsewhere 

No evidence was obtained that a grain of highe: 
strain energy grows at the expense of a grain with 
lower strain energy, although a few cases reported 
by Beck” indicate that this may be possible. In thi 
connection, a more rapid recovery of the higher 
energy grain in the vicinity of the grain boundary 
might reverse the energy difference across the 
boundary, and thus induce the growth of the original 
higher energy grain. The importance of recovery in 
regions adjacent to the boundary on strain-induced 
boundary movement has already been emphasized 
in discussions of Figs. 4 through 6 

The dislocation density of 2 x 10° lines per sq ecm 
which was found in the swept-out region after pro- 
longed annealing at 1200°C, Fig. 10, corresponds to 
the same density reported for undeformed Si-Fe 
crystal: The undeformed Si-Fe crystals were 
grown by a strain-anneal method and were at tem- 
peratures near 1200°C during their formation. It 
appears, therefore, that annealing (at least as high 
as 1200°C) may not decrease the dislocation density 
below a value of about 10° lines per sq em. At thi: 
density, the interaction forces between dislocations 
may be too low to overcome the pinning by impuri- 
ties and by intersections 


Summary 


Microscopic observations are presented on the 
dislocation configurations existing in bicrystals of 
Si-Fe before and after strain-induced grain bound- 
ary migration. Recovery effects were noted prior to 
boundary motion; consequently, the residual strain 
energy in neighboring grains may determine if 
boundary migration with resulting increase of 
boundary area occurs, and its direction of move 
ment. Evidence was obtained in contradiction to the 
concept that the area swept by the moving grain 
boundary is essentially strain-free. Such a region 
has many structural defects in the form of low-angle 
boundaries and random dislocations of relatively 
high density, at least in the regions initially tra- 
versed by the boundary. However, with increased 
distance of grain boundary migration, the density 
of imperfections in these regions decrease Re- 
covery after boundary motion was found in a swept 
region, in which the density of random dislocation 
reached a limiting value of about 2 x10" lines per sq 
cm after continued annealing (1200°C) 
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Fig. 9—Macrograph of specimen S4, after '2 hr anneal at 
1200°C, illustrates the advance of grain A into grain B, and 
grain B into grain A. X24. Reduced approximately 25 pct for 
reproduction 


ANNEAL 


Fig. 10—Plot shows variation in dislocation density for vari 
ous areas in A’ of specimen $3 as a function of annealing 


time at 1200°C 


Fig. 11 —Microstructure of specimen S4 shows the dislocation 
configurations in grains A and A’ after |) hr anneal at 
1200°C X500 Reduced approximately 15 pet for reproduc 
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Zone Purification of Reactive Metals 


A description is given for an apparatus and technique used to zone melt reactive, 
high-melting-point metals by the floating zone method. The use of radioactive tracers to 
determine the redistribution of solute during zone melting is discussed and results are 


shown for in iron, Au'” 


in titanium and zirconium, and Zn” in titanium. Some ten- 


sile results on iron at liquid nitrogen and liquid helium temperatures are given which 
indicate that the removal of trace impurities markedly increase the low temperature 


ductility of iron 


by R. L. Smith and J. L. Rutherford 


refining, as developed by W. G. Pfann,' has 
4 


purification of 


been used extensively for the 
method ha 


xtremely high purity material nece 


emiconductor Thi 
to obtain the « 


made it possible 


for the ansistor industry It has also been 
to some extent for the purification of rela- 
low-melting-point) metal However, very 
little attention ha 


melting 


been given to reactive, high 
point materials, with the exception of sili- 
con For this element, it has been necessary to use 
the floating zone technique in order to avoid con- 
tamination from the crucible containing the melt 
The method is one in which a narrow molten zone 
is formed in a vertical rod by induction heating. The 
upported between the two solid 


urface tension. It is then 


molten zone 1 
ection of the rod by 
moved longitudinally along the rod in order to effect 
a redistribution of solute. This technique has an 
RL. SMITH, Member AIME, and J L. RUTHERFORD, Junior 
Member AIME, are associated with Solid State Physics Division, 
Franklin Institute Laboratories for Research and Development, 
Philadelphia 

TP 4424E Manuscript, Apr. 13, 1956 Buffalo Regional Reactive 
Metals Conterence, March 1956 
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advantage over the horizontal boat method, since 
crucible contamination is avoided. It has the dis- 
advantage of being a much more difficult technique 
than zone refining in a crucible. Furthermore, it 1s 
necessarily a slow process, since only one zone at a 
time can be formed. However, the floating zone 
process offers a means of obtaining high-purity 
metals that are either not available, or can only be 
obtained in powder or pellet form as the result of 
complex chemical or electrochemical methods. It 
hould be emphasized that the process is not effec- 
tive in removing all impurity elements. Those that 
cannot be redistributed in an ingot during zone 
melting must be removed by some other means 

Very little is known of the properties of very 
high purity reactive metals such as iron, titanium, 
zirconium, beryllium, ete. It is quite likely that 
trace elements in such metals can affect their prop- 
erties drastically. Therefore, one of the primary 
objectives of this work is to study the properties of 
metals which have been obtained in the purest form 
available and then zone refined 

Trace elements can be introduced in a variety of 
ways, such as by inserting wafers between solid 
portions of the ingot to be melted, by placing the 
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impurity elements in holes drilled in the ingot, ete 
They may distributed by 
zone leveling,’ that is, by passing the zone back and 
forth in the bar. This allows experiments to be 
conducted for the determination of the effect of such 
elements on the properties of metals. It is known 
that the presence of another element in a base metal 
will affect its properties in a certain way. However, 
it often cannot be determined whether this is be- 
interaction with the base metal or with 
For exam- 


then be homogeneously 


cause of it 
other elements present in the base metal 
ple, the removal of elements such as oxygen, nitro- 
gen, and sulfur raises the ductile-to-brittle transi- 
tion temperature in steel and the addition of other 
elements, such as manganese, lowers it. It is not 
however, whether the addition of the man- 
ganese improves the low temperature’ behavior 
solely by its solid solution alloying effects with iron, 
or because of its tendency to form sulfides, oxides 
etc., with other impurities. The controlled addition 
of trace impurities to ultra-pure metals is an ideal 
experiment to evaluate such effects 

An additional use of the floating zone technique 
is to solidify powder compacts. In some cases, the 
highest purity metal obtainable may be in powder 
form as a result of some chemical process. Thi 
ed into a porous ingot and sin- 


cleat 


powder can be pre 
tered, but it will always 
avoid this, the green pressed compact can be brought 
to a solid ingot by passing a floating molten zone 
through it, thus avoiding contamination by a crucible 


retain some porosity. To 


Equipment for Floating Zone Method 
An apparatus for the floating zone method of zone 
described in detail by Keck et al.’ 
induction coil encircles a 


melting silicon 1 
In their apparatus, an 
necked-down portion of a Vycor furnace tube con 
taining the vertically supported ingot. The silicon 
ingot is moved through the field of the induction 
coil while the coil and the furnace tube remain 
tationary 

the high melting point metals have a 
pecific gravity and thermal conductivity 
than This makes the floating zone technique 
omewhat more difficult to control because of the 
tendency for the zone to lengthen and therefore to 
problem is to maintain a 


Ordinarily 
highet 


ilicon 


collapse. The primary 
ufficiently short zone to prevent thi 
A schematk 


collapse 

diagram of the apparatus used for 
the present work is shown in Fig. 1. The whole fur- 
nace assembly, including the ingot, through 
the induction coil, thus providing a clean Vycor 
the operator to see the molten 


move 


surface which permit 
Zone 

utilizes a 450 ke Ecco high- 
chematic diagram 


The present apparatu 
frequency oscillator. Fig. 1 is a 
of the melting assembly. This consists of a Vycor 
tube, L, containing the specimen to be purified, N 
which 1 
C and E. The carriages move vertically along track 
D, powered by a hydraulic piston mounted at the 
top of the tracks and connected to the carriages bys 


mounted between two movable carriage 


the concentric shafts, A. The rate of travel of the 
carriage assembly is controlled by needle valves in 
the hydraulic line A specimen mounting shaft 


which rotates in ball bearings, G, is attached to each 
carriage. The specimen is attached to the top mount- 
ing shaft, F, by set screws, M. At the bottom mount- 
ing shaft, S, the specimen is fastened to a chuck, P 
by set screw this chuck is a sliding fit over the 
top of the bottom mounting shaft. The Vycor tube 
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Fig. |—Schematic 
diagram of zone 
melting apparatus | 


lL, is placed between the two carriages and the pres- 
ure seals are formed by the rubber gaskets, K. An 
assembly, R, to raise and lower the bottom shaft, S, 

attached to the bottom carriage This assembly 
bottom shaft inde 
pendent of the motion of the carriages. O-ring seals, 
I, on the shafts, make the system gas tight. The top 
haft, F, can be rotated by a motor, 8, mounted in 
the top carriage. The induction coil, O 
through it 


allows vertical motion of the 


remains 
tationary while the furnace move 

In operation, a molten zone is established in the 
pecimen. To ascertain that the molten zone extend 
completely through the rod, the bottom mounting 
haft is lowered independently of the bottom cat 
riage. If the bottom chuck follows the shaft down, 
then the molten zone is complete. If the 
is not melted completely, the bottom chuck will not 
ride down with the bottom shaft. The rotation of 
the top shaft also serves to determine whether the 
molten zone is complete. If there is any 
rial between the upper and lower portions of the 
pecimen, the loose fitting belt-drive will slip or the 
pecimen will rotate along with 


pecimen 


olid mate 


bottom part of the 
the top part 

An inert gas is passed through the furnace for two 
purposes. First, it supplies a pure atmosphere for 
the melting to take place. Second, it carries an 
vaporized material away from the portion of the 
Vycor tube inside the induction coil and deposits the 
vaporized material along that part of the tube that 
has already gone through the induction coil. Thu 
the Vycor 
clear. In addition, any of the vaporized material 
on the removed 
and is not melted into the 
the case if the flow of gas were in the same direction 
as the zone travel. For the studies of titanium, zi! 
molybdenum, and nickel, the atmosphere 
pure 
which has previously 


tube inside the induction coil remain 


which deposit pecimen is readil: 


pecimen as would be 


conium 
pectro copicall argon For the 


helium 


used wa 


present experiment 
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Fig. 2—Schematic 
diagram of counting 


Collins Cryostat, 
purified in a dry hydrogen 


been liquifled in an / 


uh temperature 


Analysis by Radioactive Tracers 


specimen periodically 


pectrographiue 


tribution during horizontal 


melted and then evenly 
tribution of the 


pecimen to be counted ts placed directly above 


with an aluminum 
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decay is taken into account and a correction applied 
The advantages of this method can be readily seen 
It does not destroy or consume a sample and it is 


accurate and rapid 


Results 

Rods of iron, titanium, zirconium, nickel and 
molybdenum have been zone melted. Initial experi- 
ments on nickel and molybdenum were made to 
ascertain the feasibility of the method. In general, 
preliminary experiments are utilized to determine 
the conditions necessary for supporting a molten 
zone and moving it at a proper rate to effect a re- 
distribution of solute. It is important to maintain 
a reasonably uniform cross section during a pass 
Otherwise, the succeeding passes will become in- 
creasingly difficult to control. In addition, the ratio 
of zone length to ingot length will vary continuously 
and thus affect the redistribution of solute. Samples 
of satisfactorily zone melted ingots are shown In 
Fig. 3. If the bars become too nonuniform, it | 
necessary to swage them, which increases the dange! 
of contamination. It is very difficult to eliminate 
nonuniformities in brittle materials once they are 
formed 

When the proper conditions of melting are estab- 
lished, the refining process is started. Usually, the 
preliminary experiments are carried out on com- 
mercially pure material, since it Is necessary to 
establish quite accurate control procedures. For iron, 
a vacuum melted Fe-C alloy (about 0.3 pet C) was 
zone melted. After eight zone passes at a rate of 
2 in. per hr a clean microstructure was obtained 
Fig. 4 shows the microstructure of this material be- 
fore and after zone melting. The zone purified mate- 
rial is remarkably free from carbides and inclusion 

Radioactive phosphorus, P”, wa deposited in a 
eries of transverse holes '4 in. apart along a 4 in 
length of 3/16 in. diam Swedish iron rod (99.7 pet 
Fe). The holes were eliminated by successively melt- 
ing a short volume of the rod at each hole, and then 
pushing the ends of the rod together to restore the 
3/16 in. diam. Only the first 2%4 in. of the radio- 
active part of the rod were zone melted; the remain 
ing 144 in. served as a monitor. Hence, the natural 
decay could be measured and the activity for the 
zone-melted section corrected. Because of the slow 
rate of molten zone travel (1.5 in. per hr) and the 


need for analysis after each pa only one pass pe! 
day could be obtained. The zone-melted rod, while 
it was of nearly constant cro ection howed a 


lightly wrinkled surface. Since the activity mea 
ured is surface radiation, a wrinkled surface would 
result in a higher count. Hence, the specimen was 
waged to eliminate the wrinkle 


Fig 3—Zone melted iron bars, 3/8 and 3/32 in. diam 
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= 

viee 

on 
arrangement 

came is being used. Iron wa 
7 atmosphere, The hydrogen was removed later by 
Py In order to establish the effectivenc of a given 

ry et of conditions for zone refining, it is necessary 

Only) during the puri 
ar fication proces This is expensive, time consuming 
med and wasteful of specimens if chemical, colorimetric, 
ya Radioactive tracers provide an easy means of analy 
WA ; ! Albert et al have recently used Zn” in alu- 
minum to study the red 

Zone melting 
* , In the present study a tracer is chosen with the 
ie desired distribution coefficient It added to the 
by zone leveling radioactive 
Se tracer along the length of the specimen is measured 
with the apparatu hown in Fig. 2. The Geiger 
fe Muller tube is encased in a cylindrical lead safe 
a with walls I's in. thick. A collimating hole '%4 in 
bi. in diameter is directly above the center of the tube 
- this hole and is measured at regular intervals. Back- 
: ground is measured at these same points by replace 
Bi. ing the top of the safe with a top that has no colh 
mating hole To measure radiation when the 
> isotope has a complex spectrum, the tube is replaced 
(ms by a seintillation detector and the 8 radiation | 
filtered Out sheet. In calculating 

the distribution of radioactive tracer, the natural 


‘ 


Fig. 4—Fe-C alloy. LEFT: before; and RIGHT: after zone melting. X500. Reduced approximately 20 pct for reproduction 


Fig. 5 shows the changes in distribution of phos- active phosphorus with a zone length 7 pet of the 
phorus radioactive tracer for six zone passes. It can bar length is also shown. It can be seen that it les 
be seen that the concentration of phosphorus in the between the theoretical curves. This means that the 
tarting end is only 2.2 pet of its original concen true distribution coefficient lies between 0.2 and 0.5 
tration. The concentration of solute does not exceed In this ease, it cannot be accurately determined, 
the initial concentration for the first 90 pet of the since the initial concentration, C,, was not the same 
bar. This is because of the relatively short zone throughout the bar. The value of k obtained from 
length used. The zone length was about 7 pet of the the phase diagram is 0.27 
bar length and, although the shorter zone does not 
redistribute the solute as fast, it becomes more effec 
tive after a number of passes have been made. The 
effect of the last zone to freeze is not reflected back 
toward the starting end as badly when short zone 
lengths are used. The final concentrations, as shown 
in Fig. 5, cannot be considered as very accurate, 
since the final zone could not be deposited in exactly 
the same place 

Fig. 6 shows the microstructure of the Swedish 
iron before zone purification. The black globules on 
the grain boundaries are probably iron carbide. Fig 
7 shows the end at which the impurities were de 
posited. A second phase, presumably a phosphorus- 
rich phase, is apparent in the microstructure Fig. 8 
shows the purified end, which is relatively free from 
visible inclusions and second phase material 

Burris et al.” have taken into account the effect 
of normal! freezing in the last zone length, and have 
calculated the concentration profiles of solutes hav- 
ing various distribution coefficient: and zone lengths 


Fig. 5—Distribution 
of phosphorus in 
iron 


for successive passes 

Fig. 9 shows the theoretical concentration profile 
from their calculations for the fifth pass and for di 
tribution coefficients of 0.2 and 0.5. The zone length 
for this plot is 10 pet of the bar length. The value 
for the fifth pass on the iron bar containing radio- 
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Radioactive tracer (Au'") was added to an iodide 
zirconium bar. A zone pass was made through the 
bar in each direction over a length of 5 in. at a rate 
of 1.4 in. per hr. Activity determinations were made 
at 44 1n. intervals after each pass. No zone leveling 
was observed. Due to the presence of a high peak 
in the center, a pass was then taken from the center, 
first toward the top end and then toward the bottom 
end. Again, no change in distribution was observed 
Because of the short half life of Au’ (2.69 days) 
the activity became too low to be determined with 
any accuracy. However, there was no detectable 
redistribution of Au™ at this rate of zone movement 
This could mean either that the distribution coeffi- 
cient was near | or that the rate of zone travel wa 
too fast 

Au” was then added to a commercially pure grade 

‘ of titanium (Rem Cru-A-55). Since it was expected 
tie) that gold in titanium would behave similarly to 
° vold in zirconium, a slower rate of travel was used 
Fig. & Micrograph of Swedish iron which was not zone and the top portion of the bar rotated. The first pass 
melted, 2 pct Nital etch X200 Reduced approximately 15 was put through the bar at % in. per hr with the 
pct for reproduction upper section rotating at 4 rpm. A noticeable re- 
distribution of Au” was observed. The second pass 
was slowed to % in. per hr with the upper section 
rotating at 20 rpm. The distribution of the Au” 
after the second pass is shown in Fig. 10. This ts 
an autoradiograph taken in a special camera with 
the film directly in contact with the sample, and 
demonstrates another technique to determine solute 
distribution. The exposure was 2% hr on Kodak 
No-Secreen X-Ray film. The bar was ground to a 
flat surface. There are no pressure artifacts on the 
autoradiograph. The blackened area on the right Is 
the point at which the zones were solidified. The 
vertical line on the left end of the autoradiograph 
represents the start of the purification 

Fig. 11 shows the activity curve for the distribu- 
tion of Zn” in titanium (Rem Cru-A-55) after one 
zone pass at 1% in. per hr, with the upper section 
rotating at 4 rpm. This curve shows a marked re- 
distribution of tracer, but cannot be considered in a 
quantitative way since the original distribution was 
not zone leveled. However, the distribution should 

Fig. 7—-Micrograph of impure section of zone melted Swedish have been very uniform, since the Zn” was electro- 

iron, 2 pet Nital etch X200 Reduced approximately 15 pct plated evenly on a 3 in. section of a 3/32 in. titanium 

for reproduction rod. This rod was then inserted in a hole drilled 
longitudinally in the center of a 3/16 in. titanium 
bar. The open end was plugged and a section of 
olid rod added for holding purposes. Because of the 
difference in melting points and the high volatiza- 
tion of the zinc, it was not possible to obtain the 
effect of multiple passes 


Tensile Test Results and Discussion 

A hydraulic tensile-testing apparatus was con- 
tructed for use over a range of temperatures to 
include testing in liquid helium. This apparatu 
utilizes a proving ring to measure the load. The 
extension is determined by means of a dial indicator 

High purity iron prepared at the University of 
Pennsylvania for an earlier study was zone melted 
in dry hydrogen. This iron was swaged to 0.055 in 
diam and annealed 48 hr in a dynamic vacuum at 
900 C. The rod was wire drawn to a 0.031 in. diam 


P hand polished to a four zero paper finish for 
testing and heat treated 20 min at 650°C 


Fig. 12 shows engineering stress-strain diagram 


sted i 196°C. The 
Fig. 8—Micrograph of pure section of zone melted Swedish for four specimens tested in tension at 196 C. The 


iron; 2 pct Nital etch X200 Reduced approximately 15 
pct for reproduction 


material not zone melted shows some ductility. Thi 
amount of ductility is not unusual for iron with low 
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Fig. 10—Autoradiograph of zone melted titanium bar, doped 
with Au’. Vertical mark on left indicates start of zone; 


dark area on right indicates section in which zones were 
solidified 


Fig. 11—Redistribu 
tion of Zn™ in 
titanium after one 
zone pass 


Fig. 12—Tensile tests of iron at —196°C 
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gas content and small grain size (ASTM No. 8). The 
other curves are for specimens taken from the zone 
melted stock. The greatest ductility was exhibited 
in the specimen at 0.15 of the distance from the 
starting end. The specimen with the second greatest 
ductility was 0.42 of the distance from the starting 
end; the least ductility was shown by the specimen 
taken from the part of the rod where the impurities 
were deposited. The specimens from the center sec 
tion had badly duplexed grain structures ranging 
from ASTM No. 4 to ASTM No. 7. There were only 
a few grains across the section in some areas. The 
impure material showed an equiaxed fine grain 
structure (ASTM No. 7). The specimen not zone 
melted shows a sharp yield point because of the 
presence of carbon. The absence of an inhomo 
geneous yield for the zone purified material indi- 
cates that the carbon was effectively removed 

Tensile tests have been made on the same iron at 
4.2°K and are reported separately.” Fig. 13 shows 
the fractured end of a specimen of the zone purified 
iron (0.15 of the distance from the starting end) 
tested at this temperature. The fracture is ductile 
and shows an 80 pet reduction of area with twins 
or Neumann bands all along the gage section. The 
extent of the twinning is shown in the micrograph 
of Fig. 14, which was taken near the end of the page 
section. In contrast, the impure material fractured 
in tension at 4.2°K showed only a few twins at the 
point of fracture and exhibited no ductility 

The 80 pet reduction of area for the zone purified 
specimens tested in tension at 4.2°K is highly signi 
ficant. The ductility of hexagonal and body-centered 
cubic metals decreases with decreasing tempera 
tures so that usually such materials are completely 
brittle long before liquid helium temperatures are 
reached On the other hand, face-centered-cubic 
metals retain their ductility at low temperature 
Such information indicates that the body-centered 
lattice is brittle at low temperature Although an 
80 pet reduction of area, as obtained in this inve 
tigation, is somewhat less than that which can be 
obtained at room temperature, it is certainly high 
enough so that the metal can be considered ductile 
Thus, it can be concluded that the body-centered 
cubic lattice in itself is not a brittle structure in 
simple tension, but that it is much more 
affected by impurity atoms than is the face-centered 
cubic lattice. An excellent review on the ductility 
of metals at low temperatures has been published 
by Seigle and Brick 

It should be kept in mind that brittle behavior 
can best be evaluated by impact test uch as the 
Charpy V-notch test. A material may show consid 
erable ductility in tension and yet be completely 
brittle in impact tests. Thus, the present results do 
not show that all types of brittle behavior can be 
removed from iron. However, they do show that 
considerable ductility in tension can be retained 
This is an important step, since it indicates that it 
may be possible to develop room temperature due 
higher purity 


tronply 


tility at very low temperature a 
material is obtained. As was pointed out previously 
certain elements with unfavorable distribution co 
efficients cannot be removed by the zone melting 
proce © that the success of the proce in yield 

ing ultra-pure material depends on the starting 
tock 

There is no reason to assume that the improve 


ment in low temperature ductility with removal of 


trace impurities will be restricted to iron. Other 
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Fig. 13-—Micrograph of fractured end of pure zone melted 
won tested at 42°K, shows ductile fracture with an 80 pct 
X100. Reduced approximately 20 pct for 


reduction of area 
reproduction 


body-centered-cubie and hexagonal metals might be 
affected Furthermore, othe 
parameter uch us residual resistivity, thermoelec 


even more trongl 


tric power at low temperature certain magnet 


properties, et will probably undergo unusually 


larve chanpe metals are obtained in states of 


higher purity 


Summary 
The floating zone purification 
fully applhed to reactive high-melting 


technique of zone 
can be succe 
nece ary 


point metals. The experimental condition 


for effective redistribution of solute atoms may be 
established by the use of radioactive tracer Thi 
method provides a fast economical way to determine 
the optimum combination of such factors as coil 
ign, ingot size peed of zone travel, number of 

‘ needed, ete 
Phosphorus and carbon in iron, and gold and zine 


in titanium have been shown to segregate to the end 
of the ingot to 


At liquid nitrogen temperature, tensile test 


olidify last during zone melting 
iron how that there | a propre ive increase in 


ductility as higher purity specimens are used. Tensile 


Fig. 14—Micrograph of electrolytic iron, oxidized heavily by 
air-melting, then deoxidized in vacuum with carbon. Zone 
melted pure end was reduced to 0.03! in. diam with inter 
mediate anneals. Final heat treatment: 650°C for 20 min 
Tensile tested at 4.2°K. Shows twins 0.5 in. from fracture 
X500. Reduced approximately 20 pct for reproduction 


test 4.2°K show that a large reduction in area 


can be obtained in highly purified tron 
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UMPS, Kessler, and Hansen’ have reported that 
the solubility of aluminum in a titanium ts 
about 31 pet at 1240°C. Despite this large olubility, 
and no evidence of other phenomena, alloys contain- 
ing 12 pet Al or more were found to be brittle. The 
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Table |. X-Ray Diffraction Data of TiAl” 


Estimated 
Kelative 
Intensity 


Observed 


Table Il X-Ray Ditfraction Data for a Ti-14 Pct Al Alloy 
Annealed at 1000°C* 


Pstimated 
Kelative Intensity 


nidentified compound 
dentified compound 


investigation also reported that the c/a ratio of alu 
minum alloyed « increased because as aluminum 
content increased the c¢ parameter decreased le 


than the a parameter. Similar observations have 
been made by othe 

Van Thyne and Kessle: 
the effect f oxygen, nitrogen, and carbon on the 
constitution of Ti-Al alloy The 


phase but reported anomalou 


reported the results of 


found no new 
hardne behaviol 
vhich would appear to be a precipitation hardening 
phenomenon 

It has also been observed that oxygen raises the 
e/a ratio of a-titanium, but this is achieved pri 

Since alu 
parameters it appeared 
worthwhile to yute the joint effects of alu 


minum and oxygen on the lattice paramete! Thi 


marily by increasing the ¢ parametet 


minum decrea lattice 


was undertaken as a senior thesis by Pon, who w 
unable to carry hi investivation to exte 


minum and oxygen compositions becau 


pearance of unexpected extra lines in X 


ion pattern Pon used sponge titanium 


material 


result of Pon’s findings a reinve 
Ti-Al-O and, 
wus undertaken by the author A preliminary 
port of these findings has been given at Watertown 
Arsenal 
Reinvestigation of the Ti-Al-O 


titanium and hig 


ubsequently, the Ti 


rodide 
n that 


found by Pon were due to exist 


aluminum 
thie ‘ xtra line 
f a compound which appeared to exist in the 

tem itself. A check of the binary system 

ith alloy 20 to 30 pet Al confirmed thi 


OnciuUsion 


containing 


Between 10000 and 1200°C, the compound ha 
about the composition TiAl. The 


agonal with 


range of solubili 

compound indexed a he 

lattice param ! 5.775A, 4 6456A, and c/a 
0 8603 mately half that 


nium 
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together with calculated d-value 
Table The structure of TLAL is isomorphous with 
risSn, a Pietrokowsky 


Further investigation of the binary ‘Ti-Al system 


ulioy, given in 


pointe d out by 


revealed additional complexities the 
tf the Ti-Al system below TiAl. It ha hown 
that, at 1000 C, adjacent to the TiAl field there 3 
au two phase region which does not include a. The 
pattern of a Ti-14 pet Al alloy is given in Table II 
The same two-phase structure of this alloy has also 
been observed to occur in a Ti-20 pet Al alloy 


hie existence ol the 


revlon 


en 


compound reported here 
observed in Ti-Al 


containing 12 pet Al or more and indicate 


would account for the brittlene 


Al diagram of Bumps et al. must be 
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Crack Propagation in the Hydrogen-Induced 


Brittle Fracture of Steel 


The macroscopic features of hydrogen-induced static fatigue have been identified. 
The process ts one of crack initiation and slow crack growth, followed by cataclysmic 
crack propagation (fracture). An electrical resistance method was developed to permit 
analysis of the crack growth kinetics. Specimens containing a high hydrogen concentra 
tion in the surface layers were examined. Three distinct stages of crack growth were 
identified. The first stage was characteristic of crack growth through a pre-existent hy 
drogen rich region ‘surface layer), while the second stage was associated with the gross 
inward diffusion of hydrogen. The third stage was associated with imminent fracture. 


by W. J. Barnett and A. R. Troiano 


it recent years the demands of space limitation 
and increased load particularly in the aircraft 
industry, have accelerated the trend toward utiliza 
tion of ultra-high strength steels. The increased ap 
plication of such steels has focused attention on the 
phenomenon of delayed failure or static fatigue 
Part ubjected to a load, after suces fully su 
taining the load for an extended period of time, may 
in a brittle manner, Subsequent examination of 
uch failed parts by conventional laboratory tests in 
many cases reveals no apparent signs of embrittle 
ment. That is, the maternal exhibits good ductility 
ind impact resistance. Furthermore, consideration of 
the service conditions Cenvironment and tempera 
ture) under which this brittle farlure occurred elim 
irate classification as a stre corrosion or creep 
type of failure, Recently this unique time dependent 
fracture proce ij been th ubject of numerou 

nvestivation ' ' oni t result of these Fig. 1—Static fatigue characteristics of 4340 steel at the 
230,000 psi strength level; charging condition A, aged 5 
min, sharp notch specimens 


triche wus the recognition of hydrogen as the source 
of embrittlement. While the eff of mumerous var! 
ables on the occurrence of static tat i¢ failure ha 
beer defined, an adequate explanation of these be rhe occurrence of this phenomenon u tee] 
haviors is lacking erally has been limited to strength level 

W J. BARNETT, formerly Research Associate, Dept of Metal of 180,000 Ib per sq in, Although steels at hi 
lurgical Engineering, Case Institute of Technology, 1s now associ ri levels have exhibited delayed failure 
ated with the Aircraft Gas Turbine Div, General Electric Co., Cin ibsence of hydrogen 
cinnati AR. TROIANO, Member AIME, ts Professor and Head m t ! havior wus most pre valent when 
Dept. of Metallurgical Engineering, Case Institute of Technology rial pl ing had beer ibjected to an en- 
Cleveland \ mduciy © the absorption of hy 

TP 4285E. Manuscript, Sept 15, 1955 New York Meeting, Feb |. 1 fail heer produced 


ruory 1956 | introduction of 


introduction after heat tr 
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= 
Ere 
rf 
a 
= 
4 
‘ipa 
i 
d 
aid 
é 
hydrogen 
n 


either by cathodic charging’ or other means.’ These 


results amply demonstrated the significant role of 
hydrogen. Thu tatic fatigue failure in high 
trength steel] but another facet of the problem of 
hydrogen embrittlement. However, it manifest t 


c¢ fashion than the usual lo 
the trade 


indeed may 


elf in a more cataclysmi 
of ductility which ha 
hydrogen embrittlement, and 


been recognized a 
mark of 
occur when the conventional tensile ductility crite- 
rion reveals no apparent embrittlement 

, Barnett, and Troiano prov ided a com- 
prehensive study of hydrogen-induced stati 
and embrittlement behavior of 4340 steel 
trength levels of 200,000, 230,000 


Delayed failure was observed over 


Frohmbers 
fatigue 


quenched 
and tempered to 
and 270,000 psi 


au wide range of relatively low applied stresses. Thi: 
tre range wus dependent on strength level, notch 
acuity, and the aging time after the introduction of 


chematically illustrated in Fig. 1, the 
failure cathodically charged 
pecimen ee Fig. 2, exhibited three di 


hydrogen. A 
delayed 
harp notch 


be havio! ot 


tinguishing features which characterized the phe 
nomenon of delayed failure 
1) An uppel critical tre ss 


tantaneous fracture occurred; the 


which in 
notch 


above 
charged 
tensile strength 

2) A lower critical stre S,, below which fracture 
did not occur; the static fatigue limit 

3) A stress range between S, and S,, in which time 
dependent fracture wa Within this stre 
tatic fatipvue exhibited a slight 
tre dependence 

Regardlk of the strength level 
wus of the same order of magnitude 


observed 
range the lite t 
the fracture time 


from approx! 


Table |. Composition of SAE 4340 Steel, Wt Pct 


‘ Ma si Ni tr Mo 


28 1 80 075 024 


mately 1 to 8 hr. Decreasing the notch acuity re 
increase in S, and a decrease in S 


within which de 


ulted in an 
thereby reducing the stre 
layed failure was observed 


ruripe 


Observation by these investigator! on the effect 
of aging under load gave an indication of the nature 
of the delayed failure fracture proce The room 


temperature charged notch tensile strength recovery 


under an applied 
S Wa 


an unspecified 


unaltered by aging 
tatic fatigue limit 


damage of 


putte Wa 
load unle the 
In this case 


nature Wa 


exceeded 


permanent 
evidenced by an abnormal decrease in 
the notch tensile strength. It wa ugvested that, in 
view of the insensitivity of fracture 
level, the failure 
diffusion of hydrogen—the 


tical redistribution of hydrogen 


time to 
ociated with the 


to accompli hacri 


time may be a 


tirne 


mation Wa initiated for the 
nature of the static fatigue 


The present investis 


purpose of analyzing the 


fracture proce The fracture proce was analyzed 
with re ts two basic component crack ini 


W 


pect tol 


tiation and crack propagation 


Materials and Procedure 


taken from the 
4340 steel used in a 


Material—-The material wa 
commercial heat of SAE AISI 
previou nvestigation.” The chemical 


iven in Table | 
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Fig. 2—Static ta 
tigue and notch 
tensile specimen 


sor 


Heat Treatment — Test taken from 5% in 
were prepared according to 


pecimen 
round hot rolled bar 
the following schedule 

1) Normalized at 1650 F (899 C) for 1 hr and an 


cooled 

2) Stre relieved at 1200 F (650 C) for 4 hr and 
furnace cooled 
machined 1/16 in 
were not machined ) 

4) Austenitized at 1550 
quenched 

») Tempered for 1 hr at 450°F (232°C), 700°F 
(371 C), or 750 F (399 C) to obtain respective 
nominal trength level of 270.000. 240.0005) or 


230,000 Ib per and water quenched 


}) Rough (notche: 
rough 
1 hr and oil 


(843 C) for 


q in 
6) Finish machined 


All specimens at a gz trength level were heat 


iven 
treated as a group 
Specimen Types ‘The 
employed in the 
A 0.212 in 
ised for 


stat 


pecimen, shown in 
fatigue and notch 
in. radius test sec- 


noteh 
tut 


Fig. 2, wa 
tensile test diam 


tion conventional tensile test 
Testing Methods 
weight (constant load), lever arm 


machine. A concentric test fix 


pecimen wa 
fatigue test were con 
ducted on a dead 


rupture 


ture was used for both static fatigue and tensile 
tests in order to give uniaxial loading with a maxi- 
mum eccentricity of 0.001 in. Except where strain 
rate is noted us a variable, tensile tests were per- 


head pet d of 0.05 in pel 


formed at a constant cro 
min 

Hydrogen wa 
for 5 min at a current density of 0.02 amp pet 
ut 80 F. This pro 


introduced by charging 


qin 


ina 4 pet sulfuric acid electrolyte 


cedure ibsequently referred to as charging condi 


tion A, has been deseribed in a previous publication.’ 


The button-head fillet of the notch specimens em- 


Table Il Etfect of Cathodic Charging on the Mechanical Properties 
of 4340 Stee! Heat Treated to Several Strength Levels 


lu .000 240,000 276.000 
neharged 
‘ ‘ tre 27 000 2:46 000 279,000 
Yield trenypt 220 000 2:45,000 
Keduet Are Pet 5 
ture trength, 18.0000) 145,000 000 
000 15.000 £10,000 


Jotch Te ‘ ‘ 
Cathodically Charged 


(ondition A, 5 Min Age 

Strength. I 227.000 255,000 

Heduct Are Pet 

ture 205 0006 261 000 265, 000 


ployed in the precrack tatic fa idy wa 


masked with collodion or glyptal prio cathodic 


chargin time wus consideres & interval 


between the te com 


rmination of charging and the 


mencement of a test. Except where aging time is 


pecihed a i i ble it wa > min. All tests were 
performed at room temperature 

The hyd en distribution resulting from this pro 
ced ‘ ‘ treme heteroveneou u high hydrogen 
‘ centration ¢ 1 in the irface layer, whereu 
the pecimen ¢ hydrogen tree 


Resist 
ion Kel 


Notch Section Resistance Measurement 
! With 


ance easurements were made a preci 
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Fig Experimental arrangement tor measurement of the 
notch section electrical resistance under an applied tensile 


load 1) concentric loading fixture, 2) notch specimen, 3 


potential leads (note knife edges), 4) current leads, and 5 


imsulated split collar 


in double-bridpe 


msitivi 


ave adequats ‘ 


whieh the nmoteh 


heroin 
incorporated inp the bri 
louwdin member ‘ 


knife edge potential leads attached pecimen 


ipproximate ly 


I «if h 


on Opposite Ta of the noteh and 


apart dlefitve the istanee 


is free to move relative to the other but 
respect tes thre 
Crack Detection and Size Measurement 


method Niu employed tor measurement 


method or 


the metallours in ectioni 
method. the 

ecthoned and 
depth 
) wa 


heat tinting method. i 
fatty if 


polished and the 


precitnen 4 
eract 
(thie component 

measured at the extrem 

In the alternative method 

for ha cooled i tension. The 


ext tutic fi 


racked 
at 650 


deline 


ated on the 


tri 

made at a magnification 

pressed as a percentiape noteh 
planimeter measurement 

ead by 


reentave otf the 


tained fron 
euthe i) oveometri 


notch « 


Wat 


or radial crack depth 


Results and Discussion 
ventional 
140 tee 


th level and the 


Mechanical Properties 
and notch tensile prope 
treated to the indi 


manner in which they a i cathodic cha 
ing are summarized in room tempera 
teristh ot teel at the 


ture recovery chara 
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40.000 and 270.000 psi reng vel have been 


enorted 
Static Fatigue Fracture Process ~The most strik- 
tirne de- 


! phenomenological characteristic of thi 


per lent f ture proce lou erach growth Was 


mental obse 
thi 
immarized in 


materi 


uppearance and 

i ‘ ormed at espective 
of 60,000 psi htly above the stati limit) 
fatigue 
lowe! 


and 175,000 p (the midpoint of the statu 
tie are illustrated in Fig. 5. At the 

path of cri propagation re 
while at the higher ap- 
exhibited a ten 
notch plane 


pplied he 
mained in the notch plane 
plied the advancing crack 

branch and from the 
the applied tensile stre 


notch diameter. This point 


Effect of Applied Stress on the Static Fatigue Fracture 
4340 Steel, 230,000 Psi Strength Level; Aged 5 Min at 


Room Temperature 


Table ttl 
Prope ries 


Static 
Patigue 
tracture 
Stress, 


static 

\pplicd 

stress btracture 
re Time, Min 


(rack Area, Kadial Crack 
Vet of Depth 
Notch Area tx Psi 


9,000 
44,000 
16,000 

21.000 


varied position usually 
notch. The 
rmanent) opening of the crack, as evidenced by 
width, was somewhat greater at the higher 

but in both cases it remained quite 

iderable crack growth. In gen- 


ions at high magnification 


branching occurred at 
pla tie 


la below the root of the 


con 


revealed 
\ to be continuou However, occasional in 
of apparent discontinuous growth or advance 
re noted. Attempts to ascertain the re 
ack path to the prior austenitic grain 


meonclusive 


STRENGTH 
tar 


USED FoR 
PROPORTION 


FOR FRACTURE 


Fig 4—Static fatigue characteristics of 4340 steel at the 
240,000 psi strength level; charging condition A, aged 5 min 
sharp notch specimens 
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— 
; 

a8 2 5) evealed by the examination of specimens stressed 
within the tatic fat tre ange for variou 
ae time hort of fracture. Results obtained for the 
40.000 p trenvth level are representative of 
{ ¢ 
mit expel The static fatigue 
+44 ed 5 min at room 
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ectional 
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the ng factors: elastic deformation, plastic deformation, * 


The crack propagation occurs primarily in 
radial direction. This geometrical feature is demon effect. plastic Gefermation im 
trated in Fig 6 which de } ict the tat fatigue es the re t t f the ‘ The effect of occluded hydro 

‘ ‘ ‘ ed t the ‘ 


tre of 90,000 psi 


crack growth at an applied 
There appears to be a re lation between the statu and crack tormation 
This was vividly In the absence of premature crack formation (hy 


drogen-induced static fatigue) the relation between 


fatigue limit and crack initiation 
ated by a simple experiment in which a 


demonstt 


pecimen, charged and aged in a like manner, wa resistance increase and applied stre was quite sim 
trained in tension. During the test the root of the ilar to a conventional str train curve. The mag- 
notch was observed at X130 magnifications. A crack nitude of the resistance increase at fracture was only 


150 to 250 x 10° ohms as compared with an original 
tressed gage length resistance of approximately 


was first observed to form at the notch root at an ap 


plied tensile stress of 73,000 psi. This value is in good un 

agreement with the observed static fatigue limit of 3000 x 10° ohms. Superimposing a circumferential 

75.000 psi ee Fig. 4 crack at the root of the notch augmented the meas 
ired increment of resistance change by several o1 


Thus, the fracture delay time observed on statu 


loading within the static fatigue stre range (be ders of magnitude 

tween S, and S,) is primarily a function of crack A correlation between the resistance change, 
propagation. The crack originates at, or probably measured at a fixed applied tensile stress, and the 
lightly below, the root of the circumferential notch crack area was obtained in the following mannet 
and grows radially inward. The static fatigue limit rhe resistance increase was determined for a series 
appears to be related to the minimum stre nece of specimen tressed for various times within the 


tatic fatigue life. On release of the applied stress 


ary to initiate the crack 


Electrical Resistance Method for Measurement of the area of the ensuing crack was measured by the 
Crack Propagation —This method is based on an em heat tinting method. This relationship, established 
pirically established relation between crack area and at several levels of applied stre is shown in Fig. 7 


evident that interpolation within the applied 


the change in resistance of the notch section of the It 1 


tatic fatigue specimen. On application of a stati tre range of 90,000 psi to 175,000 psi is permis 
tensile stress the resistance of the notch section page ible. Frequent checks of the calibration revealed no 
length increased. This resistance increase may be at drift, or anomalous behavior, The measurements of 
tributed to the attendant geometrical alteration of the crack area (percentage of notch area) are estimated 

ection resulting from one or more of the follow to be within * 1.5 pet of the stated values. It should 


Vape 


Fig. 5—Cracks observed in 

notch specimens sectioned after 

loading at 80,000 psi and 175, 

000 psi for the indicated times 

within the static fatigue life ’ 
shown in Fig 4; 4340 steel at a 
the 240,000 psi strength level, 

longitudinal axial section 

LEFT. 80,000 psi for 165 min, 

RIGHT. 175,000 psi for 120 . 
min. Unetched X75 Reduced 

approximately 35 pct for re 

production 


Fig. 6&—Fracture surface of 

notch specimens heat tinted 

and fractured after static load 

ing at 90,000 psi for the indi TIME— MINUTES 
cated times within the static 

fatigue life, see Fig 4; 4340 CRACK AREA-% 16.6 
steel at the 240,000 psi strength 
level, The area of the cracked 
zone «s delineated by the con 
centric heat tinted region on 
the fracture surface and is ex 
pressed as a percentage of the 
notch area X7. Reduced ap 
proximately 30 pct for repro 
duction 


228 


TIME — MINUTES 


672 
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+ 
37.5 
316 435 
‘a 
4 
90 130 
RACK AREFA~% 562 61.7 


Fig. 7—Calibration rowth are evident in each of the crack propagation 
curves for the de curve The primary stage initiated on application 
termination of crack ( I atic load is short lived (1 min or less) and 1s 


area from notch sec acterized by a high rate of crack propagation. In 


tron resistance meas j econd age, which extends over the major por- 
ys oe tion of the tatic fatigue life, the rate of crack 
tween notc 

degrees : owth diminished with time. A brief interval of 


section resistance 
iccelerated growth rate immediately preceding cata 


increase and crack 
area (percentage of mic crack propagation (fracture) features the 
notch area) as ob 

served at several nh istinguishing feature of the second stage, the 
values of applied diminution of the crack growth rate as cracking pro- 
stress within the ! ed, occurred in spite of the concurrent increast 
static fatique range ! acting on the uncracked core. A comparison 
4340 steel at the 


crack propagation rate at several applied 
indicated strength 


levels reveals a maximum divergence in 
levels, charge condi 
rowth rate in the initial portion of the second stage 


tion A, aged 5 min 
In addition, the growth rate, for example after 10 


t room temper 
pe sharp rer min a minimum for the highest applied load and 
specimens é to a maximum at the lowest applied load 

minimum stre is required for crack 

appeal that additional increment of 

tend to retard crack growth. This un- 


iret rt 
6% behavior shall be considered in a later section 


tion 
Phe vel vel ney he rest Table V. Effect of a Static Fatigue Crack on the Tensile Fracture 

ance measurement otin h atic fi Properties: 4340 Steel; 230,000 Psi Strength Level 

! 


with rsal , ‘ Static batigue Test Tensile Test 


mien ner The momen 


Static Crack Area 
the mittent measuremer ! dome: irable Applied loading Vet of Notch Tensile Fracture 
Stress, Psi Time, Min Notch Area Strength, Psi Stress, Psi 


heatin ool peciner to le 


Crack Initiation, Crack Propagation, and Fracture 


211.000 
The resistance method ck propaga ! 75 195 000 26, 000 


irement was employed valuatir th 


ipplied prior room mpera hape of © major portion of the 


tenpoed 
vt ; propagation curves (second stage), Fig. 9 


proce 
the following parabolic relation 


Table 1V_ Effect of Statu Fatique Crack Size on the Fracture C.D (Kt) Cc [1] 
stress in the Absence of Mydregen where C.D. 1 the radial crack de pth tf. the time of 

rowth (static loading time): K, the crack growth 

area, Pet of Neteh Ares crack Depth Pet constant; and C, the constant. Fig. 10 reveals that 
over most of the range of applied load and for time 
in Exce of 10 min there is good agreement with thi 
parabolic relation. Near the static fatigue limit the 
relation degenerated into two parabolic components 
The crack growth constant, K, decreased as the ap- 
plied load was increased, The variation in the crack 
‘rowth constant with applied load reflects the previ- 


ack propagation, and condition 
ously noted influence of applied load on the instan- 


at fracture \ ! tudied a i function of these va 


riables fe ; at the 230.000 i strength aneous radial crack growth rate 


comparison of the first and second ages of 
growth with the unnotched tensile ductility 
bution study of Frohmberg, Barnett, and Troi- 

ano" suggests a correlation between crack growth 
and hydrogen distribution. It wa hown that catho- 
dic charging for a short time interval produced a 
hallow embrittled surface layer, evidently of high 
ydrogen concentration. Subsequent room tempera 
ture aging increased the depth of the embrittled 
it More specifically, cathodically charging ac- 


cording to condition A and aging 5 min at room tem- 


level 

Efleet of 
tithe 
Dp trength leve 

at room tempe 
1. The measured re 

i function of tim 
ange of 100,000 psi to 200,000 p 
Combinin at; Fi and 
calibration curve . 7 vielded the 
that is, the (average) radial eri 
tion of tine “xaminatior of i 

hittle* or n neubation time 


perature produced an embrittled surface rim ap 
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in the second stage may be attributed to the inward 
movement of the embrittled case. In other words, at 
the start of the test the high hydrogen concentration 
in the case fulfilled the conditions for crack propa- 
gation, while growth beyond this region was de pend- 
ent on a buildup of the hydrogen concentration at 


the advancing crack front by the inward diffusion of 
hydrogen 

As a first approximation a diffusion (macroscopic) 
controlled crack propagation would predict a second 
tage growth behavior identical with that expressed 
in Eq. 1. In this case the constant K would assume 
the value for the room temperature diffusion coeffi- 
cient of hydrogen in steel. An evaluation of the crack 
growth constant (K in Eq. 1) from the slope of the 
crack depth v time curves, Fig. 10, yielded values 
in the range 1 x 10° to 6x 10 qem per sec, which 
are of the same order of magnitude as the available 
values for the room temperature diffusion coefficient 
for hydrogen in steel 

The conditions existing at the end of the third 


tage, that is, at fracture, are summarized in Table 
III. The static fatigue fracture stre (instantaneou 
value of stress at fracture) in every case i lightly 
higher than the uncharged notch tensile strength of 


the base material. Two factors are involved: crack 
(or notch) geometry and the potential embrittling 
influence of hydrogen 

The influence of crack geometry on the fracture 
tre is revealed by a review of the tensile fracture 
properties of notch specimens which were partially 
cracked in static fatigue and tested after aging at 
650° F for 1 hr (i.e., the heat tinting cycle). The ag 
ing treament, in addition to delineating the size of 


the tatic fatigue crack, effected a removal of the 
hydrogen. These data, in Table IV, clearly show that 
in the absence of hydrogen the fracture stre is in- 
dependent of the crack size and is approximately 


equal to the notch tensile strength of the base mate- 
rial. Thu the constancy of the static fatigue frac 
ture stress and its approximate equality with the un 
charged notch tensile strength of the base material 
clearly reveal!) the absence of a significant embrittling 
effect of hydrogen. In other words, the core ahead of 
the advancing crack front shows no apparent em- 
brittlement 

Several tests were conducted in which a specimen 
was tested in tension immediately after forming a 
tatic fatigue crack of known size. The data of Table 
V indicate that the fracture stre of the uncracked 
core is independent of the crack size and the time, 
and is identical with the static fatigue fracture stre 
ee Table IIL Again, the uncracked core showed no 
igns of embrittlement 

The fracture data in Table III present an oppor- 
tunity for testing the Griffith-Orowan relationship 
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Fig. 13—Eftect of precracking (21 pct of notch area) at an 
applied stress of 200,000 psi on static fatigue behavior at 
lower applied stresses, see Fig. 12 for loading cycle; 4340 
steel at the 230,000 psi strength level; charge condition A, 
sharp notch specimen 


A stepped loading cycle wa elected as the most 


appropriate for a simplified analysi 

This loading cycle may be described as a two 
tage or a stepped static fatigue test. A static fatigue 
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The resultant precracked static fatigue curve 
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occurred 
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lower applied stresses, see Fig 12 for loading cycle; 4340 
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Fig. |—Laue back 
reflection from 
cleavage plane 


havior and cleavage along this plane was observed 
to take place; cleavage occurred whether or not the 
lice in question had been deformed prior to the 
licing operation. Laue back-reflection photograph 
of these cleavage faces show very little asterism or 
evidence of plastic deformation associated with the 
cleavage face. Fig. 1 shows a typical Laue photo- 
graph taken with the X-ray beam normal to the 
cleavage face 
The cleavage faces themselves are most Interest 
Cleavage steps are visible on all faces, and two 
ypes of cleavage steps are observed. The first kind 
irregular in form with a fairly coarse dimension 
of the step. These coarse steps radiate from the re 
vion where the cleaving action is apparently initi- 
ated and may be seen as diagonal lines in Fig. 2 
Subgrain boundaries and fine cleavage steps also 
may be seen in this figure. These fine cleavage step 
tallographic and coincide with the (111) slip 
plane. In erystals having no deformation prior to 
the slicing proce the crystallographic character of 
these fine steps is very pronounced, and their height 
eems to be very small. The appearance of these 
teps is shown in Fig. 3. Sloping surfaces bonded by 
traight (111) segments are evident on close ex 
amination 
Introduction of plastic flow prior to the slicing 
operation alters the appearance of the cleavage 
teps. Fig. 4 shows this roughening in the cleavage 
face in the vicinity of a slip band. This photograph 
was taken in a crystal which deformed by unevenly 
distributed slip cluste: More extensive deforma- 
tion produces a general roughening of the cleavage 
urface 
It is proposed that the cleavage on bending is due 
to the presence of a very thin layer of brittle gold- 
rich sponge along the (110) planes. This sponge 1 
formed as a result of preferential leaching of coppet 
from the alloy along highly active (110) plane 
The reasons for this high activity are not known 
The chemical composition of the (110), a possible 
evregation of some impurities along these plane 
energetics of the plane itself could be respon 
for the high chemical activity of the (110) 
Similar cleavage phenomena have been reported* in 
Mz Sn 
The (111) slip plane plays an important role in 
cleavage proce Interaction of dislocations at 
where the cleavage plane meets with sta 
location loops, which are introduced in 
ial in the proce of its prior deformatior 
it for the roughening of the clea‘ 
as deformation is introduced and in 


creased 
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Fig. 2—Coarse cleavage steps, fine cleavage steps, and sub 
grain boundaries on a cleavage face. X500 Reduced ap 
proximately 25 pct for reproduction 


Fig 3—-Fine steps on a cleavage face. X2000 Reduced ap 
proximately 25 pct tor reproduction 


Fig 4-—Roughening of cleavage surface in the vicinity of the 
slip band. X2000 Reduced approximately 25 pct for repro 
duction 
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Deformation of Magnesium Single Crystals By 
Nonbasal Slip 


Magnesium single crystals, oriented to suppress (0002) basal slip and (1012) twin- 


ning, were strained in tension parallel to the basal plane, ina © 1010> direction, at four 
temperatures ‘190°, 25°, 150°, and 286°C) and at two strain rates. Microscopic and 


X ray evidence shows that at —190° and 25°C slip occurred primarily on {1010) prism 
planes. At 150° and 286°C, X-ray asterism shows rotations indicating '1011) pyramidal 


slip as the major slip process. The critical resolved shear stresses have been evaluated 
at each temperature 


by Robert E. Reed-Hill and William D. Robertson 


al plane has a special lip (46 2 per sq mm) 


1)’ FORMATION of sium crystals in only ightly greater than their value for basal 
act il al ! | 


it of preferred orentation Chadhuri, Chang, and Grant’ have observed non- 
d and reerystallized basal slip in creep tests with polycrystalline speci 

in heet and extruded rod mens in the temperature range 250° to 350 C. The 

tends to he in on ar the observed slip bands, which were extremely irregula! 

fa vod. The principal n appearance, can be explained in terms of coopera- 

a determination of tive slip on {1011} and {1010} planes which have a 


magnesium sin common lip direction 


Prismatu 1010 lip in polycrystalline magne 


: ium was observed by Hauser, Landon, and Dorn 
muthor and Wa It w 
amidal slip on {1011 195 


magnesium has been 


us found to occur at low temperatures (78° and 
K) and it was accompanied by cro lip in 
could oceur above 225 ¢ vhict 


the cooperatin plane wa the basal plane 

established that the slip since prismatic slip occurred only at regions of high 
high tempera tre concentration the critical resolved sheat 
limit for pyra I could not be determined 


Iso showed that Experimental Procedure 


present work was performed on crystal speci 
lip wi mens which were all cut from the same large single 


lip wa Ihe 


Thus, i crystal. The original evlindrical crystal, 0.5 x 7 in 


all orrenta vas grown in a Bridgman type furnace in which the 


hes al temperature gradient was moved past the stationary 
rke and cryst in the manner described by Jillson" and 
when the Burke gh purity magnesium was furnished by 
l4 toa the Dow Chemical Co. with the following spectro- 
raphic analysis in weight percent .003 pet Al 
0.01 pet Ca, 0.002 pet Cu 0.001 pet Fe, 0.008 pet 
Mn 0.001 pet Ni 0.002 pet Pb 0.01 pet Si 

R £— REED HILL, Member AIME, Commander US. Coast Guard 0.001 pet Sn, and « 0.01 pet Zn 
is Associate Professor, U S Coast Guard Academy, New London lhe large crystal was cut into four cylindrical! 


Conn W D ROBERTSON, Member AIME, ts Associate Professor ) about 1.5 in. long. A flat surface parallel to 
plane was made by hand grinding with 


lubricated metallographic paper on one ide of each 


Hammond Metallurgical Laboratory, Yale University, New Haven } basal 
Conn 
TP 4469— Manuscript Sept 10. 1956 New Orleans Meeting 


cylinder. In order to prevent bending in subsequent 
February 1957 


cutting operation the crystal were upported by 
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tie ol ‘ 
| filline ma 
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hand me of the sheet o 
biective of the pre 
the modes of plastic defor 
~ 
dence for nonbasal 
t inumber of 
ndicated that 4 
1170) ‘ L120 
no and Mathewson 
fen Ol] PAL 
midal slip, The latter authors 
tick esolved heal tre for 
! Vhile that for busa 
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% 
THIS SECTION 
OVEREO Br GRIP VERED BY GRIF 

Fig. 1—Shape of single crystal tension specimen with the 


basal plane parallel to the wide face surface 


THis SECTION 


uitable which also 
erved as guides for aligning a jewele aw. After 
completion of the cutting and grinding operation 

were etched in 20 pet HCl, removing 
pecimens which were 


Wax In aluminum fixture 


the specimen 
about 0.045 in. and producing 
tree of surface deformation and approximately 0.205 
in. wide, 0.085 in. thick, and 1.5 in. long. Rounded 
notches were formed with an acid thread saw simi 
lar to that described by Maddin and Asher,” using 
concentrated HC! and a single Dacron thread: these 
notches were made in order to define the location of 
fracture. Final dimensions of a typical 
hown in Fig. 1. For purposes of identifying areas of 
pecimens, the following te 
the wider longitudinal sur 
while the thinner 


pecimen are 


interest clearly on the 
minology will be used 
faces are faces of the specimen 
urfaces are designated as edge 
checked at the center of the 
pecimen by the Laue back- 
reflection technique. It was found that the basal 
plane coincided with the face surface to within le 
than 2° in the direction parallel to the stress axi 
and to within less than 3° in the direction at 90° to 
the stress axis. The crystal orientation was such that 
for perfect coincidence of basal plane and face sur 


fuce, the stress axis made an angle of 2'>+1° with a 
1010 direction 


Orientations were 


section of each 


Measurement of Stress and Strain 
Seven of the tensile trained at 
the slow rate of 0.005 lb per sec, by a simple levet 
imilar to that used by Miller.” Thus, at the 
(0.0) 
about 


pecimens were 


ade Vice 
minimum cro ection of the 


in.), the rate of application of stre wa 


specimen 


wo specimens were extended at a faster 
rate of 500 psi per sec, by 
along the beam of the testing machine 

The method of gripping 
2, was designed to permit accurate alignment of 


hiding a dead 


pecimens, hown in 


pecimens and, as a precaution against slipping in 
errated grip teel pins were inserted through the 
grips and the 

Room temperature test 
Elevated temperature test 
pecimens and grips immersed in heated and 
paraffin oil. For tests at 190 C, the 
ed in liquid ai 


pecimen 

were performed in al 
were carried out with the 
tirred 
pecimens and 
grips were immer 
train measurements at 
high temperatures consisted of a small aluminum 
cantilever beam. The moving end of the beam rested 
on a ferrule mounted on the loading rod, outside the 
oll bath, and 10 in. from the erystal. An A-7, SR4 
resistance strain gage was cemented to each side of 
the beam. The exte calibrated with a 
micrometer reading to 0.001 in. and the calibration 


The extensometer used for 


isometer wa 


factor was 65 micro-in. per in. (strain indicator 
reading) per 0.001 in. (micrometer reading). The 
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error introduced by the elastic strain in loading rod 
and related equipment was corrected by deformation 
measurements on a polycrystalline aluminum bat 
A similar extensometer was used for measuring 
the deformation of the specimens at the two lowe1 


In this case mounted 


however, it wa 
read directly the rela 


at room temperature 


temperature 
on the moving grip so that it 
tive movement of the two grip 
and at 190 C 

reading ut the low rate of 
Juldwin-Southwark 


All extensomete: 
loading were recorded with a 
Portable Strain Indicato: In the two test 
rapid rate, the extenso 


Which 
were carried out at a more 
meter readin were recorded by a high 
Pen movements of this instrument 


peed Brush 
Strain Analyze 
may be estimated to about 0.2 mm and the ensi 
tivity employed varied from 46 micro-in. per in. per 
mm to 61 micro-in. per in. per mm 


Experimental Results 
Two tests were performed at cach temperature 
190°, 25°, and 150 C, at 5.0 to 6.0 psi per sec. The 
reproducibility of the stre deformation curves at 
each temperature was found to be remarkably good 
and consequently only one pecimen was tested at 
286 C. Representative stre 
hown in Fig. 3 at each temperature 
tain all of the data that it was possible to record be 
fore fracture occurred, except for the curve of speci 
men No. 147 (286 C), which was extended to 0.106 


deformation curves are 
plot con 


hown in Fig 
The yield 
taken as the intercept of the dashed lines in 
(the start of plastic deformation), and itt 


The yield stress for nonbasal slip 
a function of absolute temperature 


expressed in terms of the normal str ut the 
duced section. This stre falls tou very low value 
266 C, where it is about 500 psi (0.350 kp per 
mm) 

Deformation wa ymmetrical about the tre 


“axis, a hown in Fig. 5, which is in accord with the 


Fig 2—-Apparatus 
used to hold flat 
single crystal speci 
mens when determin 
ing their stress strain 
characteristics 
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tre 
Fig 
ae, 


Fig. 3 Stress deformation curves for single crystals of mag 


nesium onented with the axis of tension in the basal plane 


ymmet 

Furthermore 
two-dimensional no 
of the pec 
Where the defor 


ence in 

detected ! 

fracture plotted us a 

ite temperature in Fig. 6. The data 

the large ph ity magnesium 

high temperature an ivible ductility 

emperature, and a amount of 
190 ¢ 

! of loadin by a 

t 100 and 150 ¢ hown in 

loading considerabl 

deformation preceding fra 

yield stre by a factor of 


reduce 


Table | Critical Resolved Shear Stress for Prism and 
Pyramidal Planes 


( ritteal 

Critical KReselved 
Kesolved Shear shear Stress 

Stress Prism Vyramidal 

Viane 
Ke per Sq Mm 


Vield Stress 

on Normal 
{ ross Section 

At Position 
of Neotches Plane tole 
Ke per sq Mm Ke per sq Mm 


ipproximately two comparative 


curves in Fy 


Observations Regarding the Primary Mechanisms 
of Deformation 

deformed at 190 C exhibit the most 

lip lines visible with a light micro 


Specimen 
detail a 


regardle of the temperature 


of testin how nonbasal slip bands on the urtace 
contaming the basal plane However, only at 190 Cc 
it amount of detail be found on 


initially {1120 


could any fie 
thie pecimen 

Mechanics ung on plane 
isual 12} wi lso ob rhe crystallographic 


other than the 
dentifies of Win which are associated 
vith fr ! | onsidered in a ibsequent 
papel 

1010) Prism Slip at —190°C In both 
lip lines were found, primarily 
However, they could be 


rounded corner onto the tace ul 


pecimen 


fine {1010} prismats 


on the edge inface 


lowed over the 
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aces far enough to use the two-surface method of 
tereographic analysis to define their prismatic char- 
acter. The disappearance of slip lines on the face 
in accord with the fact that the slip direc- 
tion lies in the basal plane 

Prismatic slip lines 
at X500. but a magnification of X900 or higher Is 
usually necessary. Fig. 8 shows a region in which the 
1010} slip lines are well-defined. They are also 
found in clusters of more or le traight 
pacing measured to values as low as 


urface is 


may occasionally be resolved 


continuou 
bine with 
»>x em 
Slip bands containing groups of fine ip line 
whose traces are parallel to a < 1120 direction may 
be found on the basal plane face, Fig. 9a. The main 
bands are generally long and nearly straight; within 
bands the fine lines are quite wavy. As the bands are 
followed acro the 
edge they tend to fade out as the 
proaches the basal plane. On the other hand, if the 
are pursued around the corner and onto the 
most of them disappear again. Some, 


pecimen face, away from the 
urface ap- 


band 
urtace 
however, may be clearly traced around the cornet 
and are found to connect with well-defined cross- 
lip bands visible on the edge surfaces. These latte 
run parallel to {1010} prism planes with a cross-slip 
component on the basal plane 

11010; 


In Fig. 9a, the primary and secondary 


1120 lip systems are clearly indicated by the 
displacements of the primary bands by the secoad- 
ary bands. The large, well-defined bands on the edge 
ide, in Fig. 9b, correspond to the secondary bands 
and not to the primary. Although it) 
in these photographs, the two large band 
econdary 


not apparent 
at the top 
of Fig. 9b are connected to the bands 
hown at the bottom of Fig. 9a. The connecting basal 
cro lip, which ties together the components of the 
left-hand band, occurs in the rounded corner area 
not covered by either of the photograph 
The operating slip direction is clearly indicated in 
Fig. 9a. The large displacement of the primary line 
where they have been intersected by secondary line 
is in accord with shear along «1120 Correspond- 
ing to this movement is the large width and shallow 
depth of the band In this re- 
vard. note how, in Fig. 9b, the surface is still clearly 
in focus on both sides of the bands. Furthermore, a 
tudy of a number of these bands ha 
ble evidence for shear parallel to the prism compo- 
nents of the bands on the edge surfaces. It 1s quite 


on the edge surfaces 


Piven no 


i 1 1 
240 320 400 


TEMPERATURE, °K 


Fig. 4—Yield stress for nonbasal slip in magnesium as a 
function of temperature 
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Fig. 5—Face and edge views of single crystal specimens of magnesium fractured in tension parallel to the basal plane; slow rate 


of loading 


clear, therefore, that the shear is along a 1120 
direction 

Slip at Temperatures Above —190°C—Typical slip 
bands obtained at 25°, 150°, and 286°C are shown in 
Fig. 10. These bands have many similar character- 
tics Which may be summarized as follows. Their 
average direction 1 1120 >; the bands tend to align 
themselves in groups which are interconnected by 
cross-slip on the basal plane. The close spacing of 
lip lines, visible on the face surface as a slip band, 
widens as a result of cross-slip on the basal plane 
until the band is no longer definable after the band 
has passed over the corner joining the face surface 
with the edge 

Prism and basal cross-slip bands are observed on 
the edge surface of specimens fractured at room 
temperature, but only in the highly strained regions 
adjacent to fractures. Fig. 11 shows such an area 

The phenomenon of sublimation pits that form 
along slip planes at high temperatures, first observed 
by Bakarian and Mathewson,’ is shown in Fig. 10c 


X-Ray Asterism—Confirmation of the preceding 
microscopic Observations was obtained from a study 
of X-ray asterism observed on specimens subsequent 
to fracture. The X-ray beam, 1 mm diam, covered an 
area roughly equivalent to the field of view in the 
microscope at X125 

Even in areas of little apparent deformation, and 
in the absence of mechanical twins, the asterism is 
complicated, and it also changes as the point of in- 
vestigation is changed, indicating shifts in the ope 
ating slip system Secause of the complexity of the 
observed asterism, an indirect method of analysis 
wus used for the face surface exposures in an at- 
tempt to determine the axis of rotation of the lattice 
In this method, a series of drawings, with asterated 

pots corresponding to the most probable lattice ro- 

tutions, were prepared on tracing paper. A stereo- 
graphic projection of the distortion of the planes wa: 
made and then this projection was redrawn, with the 
aid of a Greninger net, to correspond with the X-ray 
pattern. Fig. 12a shows the pattern for a 4° rotation 
about an axis perpendicular to the slip direction and 
lying in a {1011} pyramidal plane; Fig. 12b is a pat- 

rn assuming double bending about two axes, each 


ying ina different {1011} plane, and perpendicular to 
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Fig. 6—Reduction in area at fracture in magnesium single 


crystals, oriented with the axis of tension in the 
as a function of temperature 


WPORMATION NOME 


Fig. 7—Stress deformation curves for magnesium 
tals at two rates of loading differing by a factor 


two different siip directions. With the 
and imilar pattern for other probable 
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206°C 150°C 
| 
. Ger | 
/ 


ST. AXIS 
+ (0002) 


Fig. 8 Well separated | 1010; prism slip lines on an edge 


surface 1120: of a magneseimn crystal specimen tested 
at 190°C 450. Reduced aporoximately 45 pct for re 


production 


(1010) ANO 
(1120) SLIP 


ST. AXIS 
(1100) 
AND 

oR 


j (0002) 


Fig 9 1011! presm (0002) basal cross slip bands on two 
mutually perpendicular surtaces of a magnesium crystal speci 
men extended at 190°C a) TOP: Face surtace 0002) 
b) BOTTOM. Edge surtace 1120! X290 Reduced ap 


proximately 50 pet tor re production 


! lattice rotations may be deduced by match 
ipl 
comple Laue patterns were obtained at 
md oto how the ftace urtace 
putters eries of three exposure tuken in pall 
thie enutl f the bounda of a face and an 
tartine close to the grips and movin 
tow reduced ectior The edge exposure 
! Lattice otatior ind asterisms which were in 
‘ th those shown in face exposure be 
! ittert sketch drawn corre 
convadit tor thre es of rotation which most closely 
‘ esponds to al ivea adjacent to the 
iste mi vrmmetrical and may be 


in tern of a uniform double rotation about 


plane 
he iste change is the point of observation 
iM from the ps. Fk 14 was taken at a 
nt midway alot the corner between the notet 
and the ed of the pped area The latter photo 
ip wore il lattice otation about the no 
il to the basal plane and the asterism of the port 
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imidal plane and perpendicular to a lip direc- 


tion. The asterism in this photograph | close to that 
predicted in Fig. 12a 

Fis 15 corresponds to an area close to the notch 
In this case, the eneral lattice rotation 1 preate! 


but in the same sense as before. The asterism 15, 

vever, more complicated, The principal rotations 
axes lying in {1011} pyramidal plane 
but the planes in this case are different 

If it assumed that the observed asterism |} duet 
ttice rotations, 1.e., the axis of asterism lies in 
the slip plane and perpendi ular to the slip direction 

en it may be concluded that slip occu! primarily 
ipon {1011} planes, at 190 

Che asterism observed at — 190 and 286 C is more 
complicated, At 190°C the angulat pread is about 
the ame order of magnitude a that observed at 
150 C, but the patterns are neither a regular nor as 

mmetrical. This is in agreement with the fact that 
it least one additional econdary plane of lip has 
been observed at 190 C, namely 1122 It is also 
n accord with the findings of Lange and Lucke and 
Honeycombe’ that asterism develop primarily from 
nhomoveneous glide. At 286°C the very large plastic 
ieformation has a pronounced effect on the observed 
isterism. The spreading of the spots | much greate! 
than at 190 ind 150 C and, in yeneral, the pat 
terns indicate multiple gliding whose interpretation 

ibject to ambiguity 


Jecause Of the ymrmmetrical shape ot the fractured 


pecimens, it might be a umed that the lattice at 
the center of the ection between the notche cle 
formed by a proce of duplex slip, which 1 borne 
wut by Laue back-reflection pattern of 190° and 
P50 ¢ pecimen ee Fig. 16 


Discussion 
The observations of pri mati lip and 


1010! prismatic-basal cro lip in polyers talline 
pecimens tested at 195°C by Hauser, Landon and 
Dorn have been fully confirmed on ingle crystal 


tested at 190 C. In addition, the slip direction for 
prismatic slip has been identified a 1120, in 
terms of the direction of the shears re ulting from 
th slide. The authors mentioned above also ob- 
erved prism-basal pencil glide on specimen tested 
at 78 C. but found no evidence for it on specimen 
tested at room temperature. In the present work at 
25 C, thi lip phenomenum wa observed in the 
neighborhood of tracture This apparent discrep- 


anevy may be explained in terms of the different 
type if specimens and the stre required tor pri 
matic slip 
\ reproducible yield point has been found for sin- 
le crystal specimens tested at both 190° and 25°C 


Since prismatic slp, in conjunction with cro lip 
on the basal plane, | the predominating mode of 
nonbasal slip at 190 C. the observed yield str 
may be expressed in term of a critical resolved sheat 
tre for duplex prismati vlide which is 10 kg pe! 
; mm. The fact that prism basal cro lip band 
are the most frequently ob erved phenomena at 
25°C is evidence that prism vlide may also be the 
predominant mode at 25°C. On this assumption, the 
critical resolved shear stre for duplex prism slip at 
5 Cis 4 kg per sq mm 


It has not been possible to designate accurately 
the predominating nonba al mode of slip at 150° and 
286 C because of lack of re olved slip lines o1 band 


i two irface which would identify the operating 
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Fig 12—The predicted asterism in Lave back-retlection 

X ray patterns corresponding to two possible lattice rotations 

im magnesium crystals X-ray beam assumed normal to 
[2110] (0002). a) Axis of rotation in (1011), | 1120 b) 
SLIP DIR. Conjugate rotation, two axes in (1011), 1120 


(OO) 


SLIP DIR. 


Fig. 13—Face surface Laue photograph of a 150°C test 
specimen at a position close to the grips and an edge surface 


Fig. 10—Slhip bands visible on the face surfaces of magnesi 
um crystal specimens strained in tension parallel to the basal 
plane at temperatures above 190°C. a) TOP: Test tem 
perature, 25°C. X150. b) CENTER: Test temperature, 150°C 
X150 c) BOTTOM: Test temperature, 286°C. Pits visible 
on slip traces are the result of sublimation. X500 Reduced 
approximately 45 pct for reproduction 


Fig. 14—Face surface Laue photograph of a 150°C test 
specimen at a position halfway between the grips and the re 
duced section and close to an edge surface 


ST. AXIS 
(0002) 


Fig. 11—Basal and {1010) prism cross-slip in region adjacent 
to fracture on a magnesium crystal specimen extended at Fig. 15—Face surface Laue photograph of a 150°C test 
25°C. Edge surtace {1120;. X190. Reduced approxi specimen at a position close to the reduced section at the 


mately 30 pct tor reproduction notches and an edge surface 
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Fig. 16—Face sur 
face Laue photo 
graph of an area at 
the center of the re 
duced section of a 
150°C test specimen 
Note the absence of 
a general lattice 
rotation signifying 


2, symmetrical conju 


gate slip Stress axis 
1s horizontal 


ised to determine the active slip planes unambigu 


ously. However, X-ray asterism in specimens tested 


it 150 © indicates that the predominant mode of de- 


formation may be pyramidal slip, which is in general 


agreement with the results of other investigator 


nee the experimental evidence do not rule out 


the possibility that slip on both pyramidal and prism 


planes may have occurred, the yield point is ex 


pressed, in Table |, as a critical resolved shear stre 


for both {1010 1120 duplex prism slip and 
101] 1120 - duplex pyramidal slip 
When the curve of yield stre as a function of 


lemperature for nonbasal slip is compared with that 


for basal slip un important difference may be 
noted. The yield stre for nonbasal glide falls con 
tinuously from 386,000 psi (27 kg per sq mm) at 

190 © to about 500 psi (0.35 kg per q mm) at 


¢ vhile the eritical resolved shear stre for 
basal sly essentially constant from 300°C to room 
temperature, Below room temperature it rises stead 
ly in & manner similar to nonbasal slip, and the 
of the yield stre for nonbasal slip (¢ x pressed 
nm terms of resolved shear stre on {1010} to that 
for basal slip appears to have an almost constant 


“ue of BS Above room temperature the same ratio 


net constant and fall rapidly with rising tempet! 
“ture to a value of ipproximately 3 to at 286° C 

\t 25 ©. the yield stre for nonbasal slip is high 
ind is “approximately the same as the stre for the 


turtof tatlure. On the other: hand, at 286 there i 
i tit e difference (a ratio of about 20) between the 


fracture and yield stresse The large ductility of 
Thagnesium, in tension parallel to the basal plane at 
is, therefore, easily explained. Until strain 
biaarete ne or reduction in ero ecthonal area ha 
permitted the stre to rise to the value of the frac 

ture stre flow will occur by nonbasal slip 


\n examination of the two curve for slow and 


fust-loudin utes at 150 C shows that the yield 
tre nereased by a factor of about 2 (i+ from 
HOOO psi to 12,000 psi). An increase also indicated 
for 29 © but, in this case, fracture occurred in the 
upidly loaded specimen before any appreciable 


‘ lding could oceul 


According to the present data, the experimental 


Value for rapid loading at 150°C are very close to 


those found by interpolation of the curves for slowly 
loaded specimen ata temperature of 90°C (363°K) 
hus, an increase in the speed of testing by a factor 
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lips plane While the observed bands indicate the 


wetive lips directions a 1120+, they cannot be 


of 100 has an effect on mechanical properties roughly 
equivalent to a 60°C decrease in temperature 


Conclusions 

Magnesium single crystals, oriented to suppress 
(0002) basal slip and {1012} twinning, were strained 
in tension parallel to the basal plane and in a 

1010 direction at four temperatures (—190°, 25°, 
150°, and 286°C) and at two strain rates 

1) Under the conditions of loading, the ductility of 
magnesium is 4 minimum and very small at 25°C 
At 286°C, the ductility is extremely high (reduction 
of area 77 pet) and at —190°C it is again high (re- 
duction of area 20 pet) 

2) The yield stresses, expressed in terms of critical 
resolved shear stresses for duplex prismatic slip at 

190° and 25°C, and in terms of both duplex pris- 
matic and pyramidal slip at 150° and 286°C, were 
determined, Table I 

3) Increasing the rate of loading by a factor of 
100, at 25° and 150°C, reduced the ductility of the 
pecimens and approximately doubled the yield 
tre for nonbasal slip. An increase in the speed of 
testing by a factor of 100 at 150°C was approxi- 
mately equivalent to decreasing the temperature by 
60°C 

4) Prism slip lines {1010} 1120>, with a mini- 


mum spacing of less than 5 x 10° em, have been 
found on specimens tested at 190°C. Cross-slip 
bands consisting of groups of fine prism slip lines 
with cross-slip components on the basal plane were 


identified on specimens tested at 190° and 25°C 
5) The lattice rotations, observed by X-ray analy- 
is, the two-dimensional nature of the plastic strain, 
and the slip bands which are visible on surfaces 
nearly parallel to the basal plane all indicate that 
plastic deformation at all temperatures was accom- 
plished primarily by conjugate slip along 1120 
lip directions. Microscopic evidence shows that at 
190°C, and probably at 25°C, slip was primarily 
on {1010} prism planes. At 150° and 286°C the 
asterism in Laue back-reflection photographs shows 
rotations which may be interpreted as favoring 


(1011; pyramidal slip as the predominant form 
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Effect of Temperature on the Flow Stress 
And Strain-Hardening Coefficient 


Of Magnesium Single Crystals 


The initial yield stress and plastic flow characteristics of magnesium single crystals 
have been investigated by means of incremental creep experiments in tension and direct 


shear, in the temperature range of 78 


to 364 K 


It was found that the strain rate, », 


could be related to the applied stress, «, and the temperature, T, by the expression 


C exp ( 


ing coefficient, 


) exp B (> hy), where B and C are constants, h is the strain-harden 


y is the strain, and AH is an activation energy equal to 10.3 kcal per g 


atom. The strain-hardening coefficient was constant in the temperature range of 78 to 
203 K, but decreased at higher temperatures; the decrease is attributable to recovery. The 
constant coefficient, in the absence of recovery, is consistent with the idea that strain 
hardening in hexagonal crystals is associated with the elastic interaction of accumu 


lated dislocations 


by Hans Conrad and W. D. Robertson 


— theories of yielding and flow have been 
developed to describe thermally activated plasti 
flow in metal crystal They are all based on 
Secker’ 
the applied stre 
flow and lead to the following relation 


original idea that thermal fluctuations aid 
in overcoming internal barriers to 


C exp [1] 


where y is the strain rate; C is a constant which in 


cludes a frequency factor, the entropy, the numbe1 
of flow units, and the amount of 
with each successful fluctuation; E(+) | 


ociated with flow, and | 


train a oclated 


tion energy a a decreasing 
function of the applied stress, +r; k } 
constant; and T is the temperature in ‘K 
The various theories differ mainly tn the 
chosen and in the nature of the relationship between 


Joltzmann 


mode! 
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the apphed sti and the activation energy. Becke 
and Orowan ugvest a relationship of the form 
E 
for flow without the aid of thermal fluctuation 
Kauzmann, Cottrell and Seepe uggest E 
r): Fisher’ suggests E al/r; while Cottrell and 
silby’ suggest a more complex relationship between 
and +. Additional data are needed to test these 


where represents the stre required 


theori especially in view of Dorn work 


that the activation energy for creep 


variou 
which indicate 
independent of the stre and strain 
The present paper presents the stre train data 


derived from ineremental loading of magnesium 
ingle erystals in tension and direct shear, in the 
range of 78 to 364 K. Incremental 


loading was employed in order that the creep com 


temperature 


ponent of the strain could be determined, Stre 
train curves of aluminum and copper’ single 
crystal louding test 


have been found to be 


derived from incremental 
in agreement with those ob 
tuined by the more conventional constant strain rate 
or loading rate test 

Two types of test 
investigation: 1) tests in which the 
throughout the entire 


were conducted in the present 
temperature 


Wa maintained constant 
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Fig. |—Apporaotus 
and grips used for 
tensile creep tests 


Fig. 2—Cross section 
of apparatus used to 
strain crystals in 
shear 


and 2) tests in which the 


pecumens were loaded at one temperature, the load 


‘ increment 
emoved, the temperature changed, and the load 
imilar to those employed 
by Cottrell and Stoke and Adams and Cottrell” to 
effect of temperature on the flow 


reapphed. These tests are 


determine thre 
tre of aluminum and copper crystal 
Experimental Procedure 
Preparation of Magnesium Single Crystals ~The 
‘ used in the present investigation (42 in. in 


rown in a tempera 
vraphite 


diam and 6 to 7 in. lone) were 
ture gradient furnace trom the liquid in a 
crucible under an argon atmosphere. The purity of 
indicated by the following spe« 

0.003 pet Al 0.01 pet Ca 
0.008 pet Mn 0.001 
0.001 pet Sn 


the magnesium 
trographic analyst 
0.002 pet Cu 0.001 pet Fe 
pet Ni 0.002 pet Pb; 0.01 pet Si; 
and 0.01 pet Zn 

I'he crystals, described in Table 1, were oriented 
by the back-reflection Laue technique. Four photo- 


504. JOURNAL OF METALS, APRIL 1957 


vrams were taken (using Cu or Mo radiation with a 
intervals in a helical pat- 


pecimen. Split Laue 


0.5 mm pin hole) at 90 
tern along the length of each 
pots were generally obtained on at least one of the 
which 


nowing a 


indicating a lneage tructure 
to (most ervstal 


maximum of 


photogram 

varied from 
Sefore testing, the crystal were chemically 

polished to the required diameter by gently rolling 


in a tray containing 25 pet hydrochloric acid in 


vater. Following polishing they were successively 
insed in tap water, distilled water, and acetone, 
after which they were allowed to dry in air. Ten 
ion tests were generally run within 24 hr afte: 
chemical polishing and drying; the shear tests were 
conducted within two day 


Tension Tests—-Tension tests were made on crys- 
tals with X, and A,” 35°. A cam, similar to that 
x the initial angle between the specimen snd the basal 

a the nitla pecimer xis and the 


ingle between the 


constructed to 
(within 1 


used by Cottrell and Aytekin,” wa 
maintain u constant resolved shear stre 


pet) during the elongation of crystal 


with A 2 


‘ 
This cam was also used for the crystals with A 7 
the train for a given stre increment 
Wa mall enough so that the shear stre 
considered to be constant within | pet during each 
(numerous incre 


with A ai 


Howevet 
could be 
creep test. Even for larger strain 
ments), the result from crystal 
ivreed with those in which a 27 
hows the equipment used for the tension 
The cam was supported on a 1 in. steel shaft 
rotating in ball bearings. The 
Ib, were made of an aluminum alloy to minimize 


pecimen Fig 


Table |. Orientation of Magnesium Single Crystals 


(rystal Ne Test Method 


weight. Axiality of loading was attained by apply 
ing the load from the cam through a flexibl 
teel strap, a hook, and the action of hardened steel 
balls against hardened steel inserts in the grip 
The bottom grip was aligned through the action of a 
hardened steel ball against a universal joint at 
tached to the frame 

The specimen length between grip the gage 
length, was fixed at 10 cm for tests at 78° and 
203°K, and at 12.5 em for tests at 298 and 364°K 

Shear Tests—A modified Bausch type of shea 
was employed in the shear tests, Fig. 2 
with two orien- 


pring 


aupparatu 
Shear tests were run on 
tations, X 85° and X 60°, and at two tem 
and 364 K 

The shear specimens were prepared by acid cut- 
ting 1 in. long sections from the cylindrical crystals 


pecimen 


peratures, 298 


Clamping collars for the shear specimens were ol! 


hard copper tubing, cut to the proper angle to out 
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Ih 
| 
| 
. 
| 
‘ 
| 
- 
‘ 
‘ 
hp 
; 
ow 
~~ 
be. 
65 85 Shear 
24 24 Tension 
; 2 y 
{2 i4 Ter ofl 
| 5 4 Tensior 
10 20 Pension 
60 62 Shear 
2 2 27 Pension 
Angle between specimen ax nd the ba plane 
Angle between specimen ax the ip direction 
The itt lebted to Dr Burke, wt ipplied the 
ae nd t the D Chemical ¢ f the high purit j 
th 


line the trace of the slip plane, and they were sep- 
arated by 's in. The collars were cemented to the 
crystals with Dupont cement No. 5458 or Sauer- 
eisen cement. Orientation of the crystals was re- 
checked after mounting in the collars and it was 
always found to agree within 5° of the desired 
onentation 

The shear apparatus, Fig. 2, was loaded in the 
equipment used for the tension tests. Although the 
cam relaxed the load with increasing strain, the elon- 
gation during a shear test was so smal! that the shear 
stress was essentially constant throughout the test 

Measurement of Dimensions and Temperature 
Control—-Dimensional measurements on the tension 
and shear specimens were made with a travelling 
which could be read to 0.0001 in. The 
measured at two circumferential 
were 0.4 +0.005 in. in 

measurements were 


microscope 


tension specimen 
positions at '% in. intervals 
diam. Diameter and length 
made on the shear specimens at the minor axis of 
the glide ellipse 

Temperatures of 298° and 364°K were obtained 
bath controlled by a mercury 
temperature was 


with a silicone oil 
thermoregulator. At 298°K, the 
controlled to within +0.01°C, as determined by a 
jeckman thermometer, and at 364°K to within 
+0.2°C. A temperature of 203°K was obtained with 
a mixture of dry ice and acetone in a dewar flask 
and 78 K_ with The latter two 
temperatures were means of a low 
temperature thermometer placed near the specimen 
Dry ice and liquid nitrogen were continually added 


hiquid nitrogen 


measured by 


during the test 
Method of Loading 


Incremental loading was em- 
ployed; i.e., the stress was increased, starting from 
zero stress, In Increments which varied from 1 to 
10 g per After an initial elastic strain, creep 
was observed for each stre ignifi 
plastic flow wa 


q mm 


increment: no 
observed follow 
The stre in 


pouring steel 


cant instantaneou 
ing any of the loading increments 
crements were added by manually 
hot into the loading container. Generally, the load 
were applied in 3 to 5 see 

igned to deter 


increment 


With the exception of one test de 
for creep existed, constant 


mine if a limiting stre 


minute until 


were added every 
After creep was first observed 
were added after equal time 
following thi 


varied 


tre increment 


creep was observed 


equal stre increment 
intervals for a number of increment 
time interval 


also conducted in which the 


tre increments and were 


Numerous test 
tre increment and time 
mediately following the first 
The time interval between increments was varied 
15,000 min. However, 10 to 30 


were most common 


were 


interval were varied im 


occurrence of creep 


from 0.6 min to 


min interval 


Strain Measurement ——Strain in both tension and 


measured by a clip gage employing 


hear tests wa 
two A-7, SR-4 re 


indicating 


connected to 
operating at 1/12 
train sensi 


tance strain gage 


Jaldwin recorder 


combination gave a tensile 
5 10° for the tension tests and a sensi 
hear tests. The position of 


la and 2 


rpm. Thi 


tivity of 
tivity of 1 10° for the 

hown in Fig 
clip gage was not mounted directly on 
train from the support 
train measure 


the clip gage 

Since the 
the specimen, the elasti 
included in all 
that strain in the apparatu 


train was 


ing apparatus wa 
ments. The possibility 
contributed to the creep 
two crystals at 298 K by 
with the clip gage and a cathetometer 


investigated on 


train mea 


imultaneou 


urement 
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hear 


Fig. 4—Typical creep curves in shear at 298°K 
est 
HU ~ 
ebe 


Temperature — °F 
Fig. 5—Initial yield stress as a function of temperature 


ners ty 


Fig. 6—Stress strain curves at 78°, 203°, and 364°K 
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ires are given in Table Il. The following should be 
noted particularly 

1) The average value of the limiting 
tension at 298° K, for virgin and recovered crystals, 
is 93 g per sq mm *25 pet maximum deviation from 
the average. The higher initial yield stresses exhib- 
ited by the recovered tersion specimens 32A and 
SSA at 298°K, as comparea to their virgin counter- 
parts, may be associated with non-axiality during 
initial loading of the virgin crystals or perhaps with 
a yield point phenomenon appearing after the initial 
train 

2) The average initial vield stre obtained in 
hear at 298 K, 68 g per sq mm, is 15 g per sq mm 
higher than the average obtained in tension. Other 
than differences associated with the individual crys- 
tals, the higher values obtained with the shear test 

Fig 7--Stress strain curves at 298°K mi be due to a) the lower sensitivity of strain 
measurement in the shear test, b) the addition of 
vhtin y i Good agreement was ob larger stre increments in some of the shear test 
tained b , ip page and the cathetometet ystematic difference in initial yield stre wa 


Creep iit It wi concluded } f rve between virgin and recovered crystal 


the apparatus wi ufficient] ig that the trained in shear 


erved creep ri (total strain minus total elasti 3) The initial yield stress values obtained in 
1) could be associated with the crystal onl hear for specimens from the same crystal are re- 
order to comy of one ot \ producible within the size of the loading increment 
mother, and the resu mw tension tests with with one exception, specimen 11-2. There 1 ome 
the hey test all re and strain were con reason to believe that this disere pancy is associated 
verted resolved sheat and she: al vith experimental technique rather than variation 
re the lip plane and slip direction by i if n the crystal." 
formulae given by Schmid and Boa 
Kecovery of Magnesium Crystals — Since 
nesitumn tal deform b vlide on one plane 
the temperature and orientation range of the 
ent investigation it was expected that For comparison, the critical resolved 
homopvenous deformation the ervstals could be , value obtained for magnesium singlk 
recovered by heating at a sufficiently hic! room temperature by other investigator 
temperature Complete recove via eperimer ferent methods are given in Table III 
tally demonstrated by heating strained ervstals fo The average initial yield stre values obtained in 
to 2 hr at 450 C. For ex ample compare tre the present tests and those given by Schmid” are 
train curves for crystals 11-3 and 11-3A, 40-1 and plotted as a function of temperature in Fig. 5. The 
2 and 32A of Fig. 7. Tests on the recovered curve joining the values of the present investiga 
« indicated by the original number of tion is approximately parallel to that of Schmid and 
tal followed by the letter A Siebel, but displaced 25 to 35 g per sq mm below it 
i f this recovers uccessive experiment Although the initial vield stre can be assumed to 
ould be conducted on the ame et tal. The | be essentially constant above 250 K, the tension 
Ht indies iat the erystal was recovered a data can also be interpreted to indicate a light 
hump at higher temperature characteristic of a 
ield point behavior 
Experimental Results 
Limiting Stress for Creep and Initial Vield Stress 
A limuitin tre for macrocreep, as distinguished 
| has been found for most metal 
including magnesium.” This stre 
ame a i itical resolved shear 
mined 1 tension at a constant 
ora constant strain ri To detern 
limiting for creep of magnesium cry 
it 298° K per nn increment 
added to one erystal i . at interval if 
dia after ; mall initial load. } creep wa 
tected until a resolved stre ‘per sq mm 
reached, after which measurable creep occu 
Similarly, when the time interval between 
increments in the elastic range wa mi 
nye stre for creep was found for all e1 
in tension of hear, at all temperatt 
creep curves in tension and 
of the limiting stre ‘ Sand 4 
The values of the lin ne (designated a Fig. 8—Coefficient of strain hardening, h 
the initial vield stre ‘ } various tempera function of temperature 
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hy 
A 
F 
ae 
bis 


Strain-Hardening Coefficient Stress-strain curves 
for each temperature, derived from the creep tests 
by plotting the accumulated sum of the stress in- 
accumulated sum of the 
6 and 7. Most 
curvature 


against the 
strain increments, are given in Figs 
curves are characterized by an initial 
followed by a linear region, although some at 298 
and 364°K are linear from zero strain. The extent 
of the curved region generally increased with in- 


crements 


crease in loading rate 

Two unusual effects are noted in the stress-strain 
curves: 1) at 78 K some of the early stress incre- 
ments gave more strain for a given time interval 
than was indicated by the later linear region, result- 
ing in a reversal of curvature of the stress-strain 
curve; and 2) at 364 K the early stress increments 
in the tension tests (but not in the one shear test) 
gave less strain for a given time interval than was 
the subsequent linear region, result- 
curvature. Both of 


indicated by 


ing in an extended region of 


these observations have the characteristics of yield 
point phenomena 
The linear region of the stress-strain curve ts 


characteristic of easy-glide; ie., glide on one plane 


in one direction. Its slope, , is termed the strain- 


ay 
hardening coefficient, h. The values of h derived 
from the stress-strain curves are given in Table II, 
values are shown as a function of 
8, together with values derived 
curves of Schmid and 
‘trains. Also included 1 
data of Burke 


and the average 
temperature in Fig 
by Cottrell” from the 
Siebel” at much larger 
the value obtained from the 
Hibbard.” 

It is evident in Fig 


and 


8 that the values of h, ob 
tained from the present test essentially 
constant between 78° and 203°K, 
tween 203° and 298°K, and continue to decrease, 
though at a less rapid rate, from 298° to 364°K 
The data of Schmid and Siebel can be interpreted to 
follow the same trend. A similar variation of h with 
temperature; i.e., a constant value at low tempera 
tures followed by a decrease at higher temperature 
has been reported for cadmium” and zinc.” 

Effect of Stress, Strain, and Temperature on Flow 


remain 
then decrease be 


Rate—A plot of the initial creep rate following the 
addition of a stress increment vs the quantity (+ 
h y), where + is the applied stress, h is the strain- 


hardening coefficient, and y is the total strain up to 


29 

= 

= 264° K 78° K 
be 356 e 

eGR? K 21) 4° K 

| f 

a | 


CREE 


1O 
) 680 * 120 140 


Fig. 9—Variation of the initial creep rate with the function 
t hy). Solid squares are initial yield stress values 
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initial 


the time of the addition, is given in Fig. 9. The 
creep rate was taken as twice the amount of strain 


after the 
straight 


the first '» min 
Similar 


which occurred during 
addition of a_ stress 


lines were obtained when the initial rate was taken 


increment 


as the limit of the ratio as At goes to zero. The 


points for each curve are not in order of increas 


and Coefficient of Strain 


Table Initial Yield Stress, 
Hardening, h, of Magnesium Single Crystals 
Incremental Average 
Loading Loading Strain 
Rate in Kate in Har 
Elastic Resolved Plastic dening 
Range. Vield Range, 
per Stress per clent! 
sq Mm G per Sq Mm G per 
Crystal per Min Sq Mm per Min sq Mm 
22A T° 10 120 050 125 
29 10 140 0.45 
125 Ave Ave 
23 “5 O17 


‘ T 
tS ) oo 
T 027 100 
i 0 0007 147 
2 T 0 002 4 0005 
110 Ave 
11-2 Ss 5 0 
11-3 S a7 H12 no 
11-3BtS 
11-4AtS i 
‘ 7H Ave 
40-23 S 10 
40-11 10 70 ‘ 12 
\Ve Ave 
Average for 
the two 
crystals 
tested in 
hear 
7 T 2 
i4 2 “7 oll 
2 0004 27 
27 Ave 
s “0 O17 
T ter Ss hear 
Shear specimens tron tail 
Shea pecimens from cr tal 40 


ing applied stress, for the stre increments and 


time intervals were varied for the later 
The straight lines of Fig. 9 indicate that the 
given by 


increment 
train 


rate, y, 


Aexp B hy) {2] 
given by the intercept 
effect of 
was first 


more 


where A and B are constant 
and slope, respectively. An 
tress on the rate of plastic flow of metal 
Ludwik" been observed 
investigator 


‘ xponential 


reported by and ha 


recently by other 
Comparing the slope of the plots of Fig. 9, it 1 
noted that B is relatively independent of tempera 


Aytekin”™ and Dorn imilarly 


and 


ture. Cottrell 

found B to be independent of temperature for the 
creep of zinc single crystals and aluminum poly 
crystal re pectively On the other hand, the con 


tant A is strongly dependent on the temperature 


Fig. 9, suggesting a thermally activated proce The 
nature of the variation of A with temperature will 
be discussed below 

Since the initial creep rate, y,, associated with the 
initial yield stre r, in the tensile tests was ap 
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A exp B 
h with the imitial creep rate tor stress increments 
at 78° and 203°K 


Fiq 10--Variation of B, in the expression 


proxin ite l 10 min (the 
wlded ever 


nerements were 
range and the 
train ? ivity for the tensile test 


minute im the 


of interest to compare 


hie )a 


ociated with a creep 
9 and Table IV how that the 
extrapolated ulus h ) associated with an 


of 10 


nitial creep rate of 10° min approximately equal 


Table Il 
value of { h )a 


tt obtained in the tension test 
the oclated with a 
train rate of 10° min’ can be taken as equal to the 


nitial yield stre r,, itis seen from Fig. 9 that 
exp 


mn then be written 


exp B 


2 the value of Ki for a constant temper 


»piven b 
In [5] 


to the addi 


increment, Ar, and is the creep 


the creep rate just previou 


ostre 


Table Ill Critvcal Resolved Shear Stress of Magnesium Crystals at 
Room Temperature 


\p Stress 
pros 
imate Aver 
Im Strain Range ace 
purity Sensi Method (i per G per 


Investigator Content tivity eof Test Sq Mm Sq Mm 


ate rmmediately after the addition. The value 
of Eq. 5 for a serie of te 
one crystal were independent of the total 
train. Although equal stre 
reproducibility in the value of B, there 

effect whereby the larger tre 
maller values of B and 


obtained by mean 
increment 


crement 
crement generally gave 
vice versa. This effect can probably be attributed to 
the method used to determine the creep rate in 
mediately following the addition of a stre inere 
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ment, rather than due to the size of the increment 
The larger stress increments generally pro- 
duced greater amounts of strain during the first 
0.5 min and, consequently, the average rate based 
on this period was farther removed from the in- 
tantaneous rate than was the case for the smaller 
nerements. Fig. 10 shows how B varied with the 
initial creep rate for tests at 78° and 203°K. An 
extrapolation to zero initial creep rate gives a value 
of B 0.65 +0.15 sq mm per g, independent of tem- 


per 


perature 

The value of B at 298° and 364° K was also 
affected by the length of the time interval at the 
previou tre For long times, more than 150 
min at 298 °K or more than 15 min at 364°K, value 
of B were obtained which were higher than ex- 
pected for a given stress increment. This is prob- 
ably related to recovery occurring at these tem- 
perature 

Fig. 11 gives the band (0.35 to 0.76 sq mm per g) 
in which 95 pet of the values of B obtained by Eq. 5 
fell for all creep tests (228 in number), with time 
ntervals of 1 min to 120 min and stress increments 
of 1 to 10 g per sq mm. The lower values of the band 
were generally associated with the larger stress in- 
crements and shorter time intervals, and the uppe1 
with the smaller increments and longer times 
with 5 g 


value 
The open circles are the average for test 
per sq mm increments and previous time intervals 
of 15 min or le Fig. 11 indicates that the value 
of B is essentially independent of temperature ex- 
cept for the longer time intervals at the higher 
temperatures 

Effect of Temperature Changes — Several tension 
which the temperature was 

The procedure was to load a 


test were run In 

changed between tests 
crystal incrementally at one temperature 
creep curves, unload, change the temperature of the 
pecimen, and then incrementally reload, again re- 
From these tests a com- 
tress which pro- 


record the 


cording the creep curve 
parison was made between the 
duced the final creep rate at the previou 


required to produce the same in- 


tempera- 
ture, and the stres 
itial creep rate at the new temperature. The final 
creep rate was taken from the slope of the previou 
creep curve, while the initial rate was determined 
by the amount of strain occurring during the first 
's min after the addition of a stress increment at 


Temperature 


Fig. 11—Variation of B, in the expression + A exp B 
t hy), with temperature. Band represents 95 pct of val 
ues from 228 creep tests. Open circles are average values for 
5 g per sq mm increments and less than 15 min intervals 
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Fig. 12—Eftect of increasing the temperature from 78° to 

364°K on the stress-strain curve 
the new temperature. Generally 2 g per sq mm in- 
crements were added every minute initially, and the 
tress at the new temperature which produced the 
ame creep rate as the final rate at the previou 
temperature was estimated to the nearest 1 g per sq 
mm by interpolation of the linear plot of the loga 
rithm of the initial creep rate vs (; h y), where y 
was the total strain at the new temperature. Both 
increase and decreases of temperature were in 
vestigated. The range covered was the same as that 
of the constant temperature tests, namely, 78° to 
364°K 

The results from these tests are given in Table V 
Typical stress-strain curves are shown in Figs. 12 
and 13 for a variety of temperature combination: 
The following observations were made from these 
tests 

1) When the temperature was decreased from 
298 to 203°K or increased from 78° to 203°K the 
change in stress required to maintain a constant 
train rate (stress equivalence of the temperature 
change) was approximately equal to the difference 


in the average initial yield stress for the two tem 
peratures. This change represents a_ reversible 
change in the flow stress, since recovery does not 


occur for these temperature changes. In comparison 
the reversible change in flow stress of aluminum and 
copper crystals for a given temperature change in 
creased with strain to 10 to 15 pet elongation and 
thereafter settled down to a constant ratio of flow 
tresses 

2) When the temperature was decreased from 
364° to 298°K, an increase in stress of 6 to 7 g pet 
q mm was required to produce the same strain rate 
in spite of the fact that the average initial yield 
tress at 364 °K, Fig. 5, is approximately equal to or 
lightly higher than that at 298°K 

4) When the temperature was increased from 
203° to 298°K, or from 298° to 364°K, a greater de 


crease in stress was required to give the same strain 
rate than that associated with the effect of tem 
perature on the initial yield stre This larger dif 
ference is associated with recovery and contribute 
an irreversible change in the flow stre in addition 


to the reversible change 

1) The strain-hardening coefficient for a given 
temperature was independent of the previous strair 
history. For example, see Fig. 13 and compare h at 
298 K for crystal 35B in Table V with 35 and 35A 
in Table II. Rosi and Mathewson” likewise indicated 
that the strain-hardening coefficient for easy glide 
in aluminum crystals was unaffected by previou 
training at another temperature. On the other hand 
Cottrell and Stokes” and Adams and Cottrell” found 


work-softening to occur when aluminum and cop 
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4 Months + 
m teme | 


Fig 13-—Eftect of temperature changes on the stress strain 
curves at 203°, 298°, and 364°K 


per crystals were strained at higher temperature: 
after previous straining at lower temperatures, be 


vond the region of easy glide 

5) The data of Table V are not too clear on the 
effect of strain history on the value of B, due in 
part to the scatter in the data. In general, B is rela 
tively independent of strain history. However, the 
values of B at 203° and 298° K after previous strain 
ing at 78°K are slightly lower than expected. Also, 


Table 1V. Value of (1 — hy) for an Initial Creep Rate of 10 * Min 


hie) 
Crystal Type of Test G per Sq Mm 

22A Tension 117 
29 Tension 
\ve 124 

2 lew au 
Te 
Ave 70 

22 rensior 
‘2 Tensior 
2A 
Penesior 
re " 2 
‘ rer an 
2 
1-1 Shea un 
She 2 
Shear 2 
Ave 

Tension 
re oor 
Shear 47 
Ave 61 

Ex { data for stre 74 per sq mn 


the values of B (determined from a comparison of 
train rates before and after a stre increment) at 
298 after previous straining at 364°K are slightly 
higher than expected. No explanation can be offered 
for these effect 


Discussion 
An attempt was made to interpret the plasts 


flow of magnesium single crystals in terms of the 
wus found 


formal theone None of the theoru 
to be in accord with all of the observed facts. The 
major disagreement was with regard to the ob 
erved effect of stress on the strain rate, Le., that it 
was of the form y a e”', where B is independent of 
temperature. In view of the lack of agreement with 
the formal theories it was decided to describe the 
flow of magnesium single crystals by means of an 
the experimental data 


empirical equation based or 
A plot of the initial vield stre obtained in the 
present tension tests vs the reciprocal of the abso 
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Table V. Effect of Change 


Temperature 


( har 


K 


‘per Min 


510 


‘ 
ind } 
halt 

Pak 


tant 


reement 


a con 
efloet of 
! i 

worke! 
it high 
melting 

‘ 
pe ut 


for 
ten 
ferry 
qn 
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( 


havin 


and te ripe 
with that 


) exp B ( 


ated 


the 


ob 


the creep of 
perature 
perature 


which 


Min 


G per Sq Mm per Sq Mm 


Sq Mm 


Method! 


150 0 61 
65 145 019 
75 
41 24 066 
0.56 
29 92 049 
049 
24 6 0.56 
188 054 
046 
2 140 


ethoed 1, fron pe of plot of log 

the addition of a stress increment 

hanged tro 208° to 364°K 
mning tt eries of test 


of Temperature on Stress, Coefficient of Strain-Hardening, and the Constant, B 


perG 


Method 2 


0.41 to 0.74 
6.26 to 0.43 
41t0 0.58 
0 58 to 0.75 
0 46 to 0.66 
0.49 to 0.76 
0.46 to 0.84 
0 89 to 0.95 
0 66 to 1.07 
0 50 to 0.64 


0.55 to 0.95 


0 69 to 0.97 
0.55 to 1.13 
0.37 to 0.43 
0.51 


proce 


dimensior 


rature give 


erved by 


erature es 4 straight line, Fig. 14. Simi 
lata of choud and ield a 
ne paurall that of the present test 
heud thie followin pore 
mation of the initial eld stre vith 
ire oin the temperature range of the data 
a [6] 
pe q mm, from the present data 
OK per sq mn 
iti a in hq ive the 
m for the flow ite f mapgnesiun 


with an 


19] 


[10] 


ot 
n b\ 
Dorn 


polyerystalline 


preater than 
and 10° min 
min and AH 


1957 


roximately 


one 


third the value of the activation energy 


diffusion in magnesium crystal 


pretation of this activation energy 


at this time 


Strain-hardening in hexagonal metals m: 


A physi 


cannot be offered 


to the elastic interaction of dislocations acc 


in the ery 
in train-hardening coefficient 


tal during slip, in which case th 


for elf- 
al inte 


iv be due 
umulated 


e change 


with temperature 


hould be no greater than the change of sh 


ulus with temperature and hence 


pendent of temperature 


nesium crystals was found to 


I 


constal 


temperature range of 78° to 203°K wher 


covery occurs is consistent with 
of this, the total elastic interaction, + cal 


resented by 


where 
the original dislocation network 
before straining, and +r, (y) 1 

can vary with temperature (and 


temperature range in which recovery 


Combining Eqs. 10 and 11 give 


C* exp ( SH 


where 


1/B In 


Eqs. 12 and 14 differ from those 
in that the activation volume 


than being independent of tempe 


this idea 


y) 


equal to hy 


in the ery 


ear mod 


relatively inde- 
The fact that h for mag 


it in the 
neo re 
In view 


1 be rep 


represents the stress field associated with 


tal, Le 
The h 


train-rate) in the 


xp (+r 
ex 


From Eq. 12 the flow stress is given a 


given by 


equals BI 


rature 


occul 


) [12] 


[14] 


See ve! 
T rather 


Eq. 14 indicates that the reversible change in 


flow stres 
train history. This 1 
rable VI where, for a given te 


upported bs the 


nperature 


with temperature its independent of prio: 


data in 


change 
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‘4 
; 
2 61 600 
= 
20 
te 20 15 ‘ 
: 42 0.44 to 0.54 
‘ i2 25 100 0.57 0.57 to 0.73 
60° 27 06 0.36 to 1.55 
tog 7 260 040 to 1.15 
‘ 20 717 0 46 0.55 to 1.23 
“4 “ore 18 BO 040 
ire which produced the same slue of + as that just pre is to the tempera 
4 pre te ‘ ture i we 
e ‘ t derived from creep tests 
‘ ent ‘ ‘ three 7 
ite 
traipht 
thie 
| 
fell 
ollowing 
Hh 
exp Ha) ( Jexp B hy) 
[7] 
lettin 
4 mtivation energy 
key 7 can be rewritten to ve 
C* exp ( Br.) {13 ] 
kl 
( \H 
iat 15 x 10 


the change in flow stress for ze! 
initial yield stress as predicted by Fis is ap 
proximately equal to the reversible hange in flow 


appreciable amounts of strain (10 to 


tress afte! 
100 pet). The irreversible change in flow stre 

which occurred for an increase in temperature above 
203°K can then be attributed to a decrease in 1 
heating the 


resulting from recovery during 
higher temperature 

Seegel 
tively flat portion at highe 
initial yield stress vs temperature data 
in Fig. 5 for the present tests can be inte rpreted to 
indicate a constant value of approximately 60 g pe! 
q mm for the initial yield stre above 250°K 
However, since the higher initial yield stre in ten 
ion at 364°K as compared to 298 K may be assoc! 
ated with yield phenomenon, there is some question 
u“ to whether the value of the initial 
vield stre in thi actually 
as indicated above, it was found 


uggests that given by the 
temperature 


curve The 


averare 
temperature range | 

Furthermore 
that the flow stress increased by 6 to 7 g per sq mm 
when the temperature was decrea ed from 364° to 
298°K. This increase is somewhat larger than antic! 
pated from the change of elastic constants of mag 
nesium with temperature.” It might, however, be 
explained in terms of recovery, 1n which case the 


reversible change in flow stre between 364° and 


Table VI. Stress Equivalence of a Temperature Change 


G per Sq Mm 


Temperature Change Initial Vield Stresses Flow Stressest 


data of the 


valuation of thi 


rate ensitive The 


298 K would be 


present tests do not permit an ¢ 


Summary 
train curve for magnesium 


incremental ten creep 


were determined by 
in the 
ts were made 


temperature range of 78 to 364°K 
in direct shear at 298° and 
re ult from these test ean be um 
follow 

limiting stre for macrocreep of mag 
tals (the initial vield stre ) wa 
linearly with the reciprocal of the 


marized a 

1) The 
nesium single cry 
found to increase 


absolute te ripe rature in the ! 


temperature range ol 


limitin tre at room 


temperat essentially the same 


aus the \ heal re 


by other investigator! 


obtained in cor 


tant loading | 
2) The I -hardening coefficient was con tant 
n the temperatu! range of 78° to 203°K, but de 


creased at higher temperature the decreast 


tributable to recovery. The constant coe 
the absence of recovery, 1s consistent ith 


that strain-hardening In he 


ated with the elastic interaction of accumulated d 


xagonal metal 


location 


n-hardening coefficient 


the entire 


temperature an} 


found to be independent © 
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of magnesium 


Fig 14—Initial yield stress as a function of 1/T°K 

4) From the present re ults. the strain rate, 
could be related to the 
i by the ex 


ingle crystal 
apphed stre and temperature 


\H 
Cexp eT ) exp BO hy) 


train, and h 


pre 


where B and C are constant is the 
activation 
10.3 keal 


is the train-hardening coefficient The 


energy AH derived from this expression 1 
per g atom 
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Technical Note 


Comparison of the Strength of Sintered Carbides 


by Joseph Gurland 


compositions were pre pacts are presented in Table Il. For the transverse 
determining the tran rupture strength, the average and range of the five 
various carbide-binde best samples of each alloy are listed. Discrepanci 
vas held at 10 and 37 between the actual and theoretical densiti are 
entative of low and attributed to carbon deficiencies in some sample 
carbides used, WC lhe theoretical densities were calculated by assun 
elected on the ing mixtures of carbides of stoichiometric compo 
of their properts tions and cobalt 
the binder metal at tepresentative microstructures are hown in Fi 
1 to 6. The porosity was A-2 or better in all alle 
and ipbon analysi except those with ZrC.. A grain size of about 4 » wa 


malt added were ball milled 


acuun intering was used Table | Preparation and Carbon Contents of Carbides 
WC-Co alloy which 

The sintering tempera 

0 F for the low 


Analyses 


Carburi Thee 
to 2550 k for the high vation Total Graphitie retical 
Kaw Temper Carbon Carbon Carbon 

Carbide Materials ature, °F Pet Pet Pet 


and properties of the sintered com 
} GURLAND. Member AIME. is associated with Brown Univer 


sity, Providence 


TN 388— Manuscript, Aug 13, 1956 


Table Il. Composition and Properties of Carbide-Cobalt Compacts 


erse Kupture Strength 
G per Cuatm Psi 


Hardness 
R 


arbide Wi Pet Ce Theoretical Range 
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\! curtbide cobalt 
ipture trength of 
ne ‘ ime pet Co ous to be 
mc, CbC, VC and Z 
of avatlabil KHON 
mid mia oha olubilitye 
ethod of preparat 
the curtbide ite 
lhe carbides with 
thy po except tor 
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thine mived tre 2500 
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Fig. |—Micrograph of 75 pet WC-25 Fig. 2—Micrograph of 48.4 pct TiC Fig. 3—Micrograph of 735 pet TaC 
pet Co alloy. X1500. Reduced ap 51.6 pct Co alloy. X1500. Reduced ap 26.5 pet Co alloy. X1500 Reduced ap 
proximately 30 pct for reproduction proximately 30 pct for reproduction proximately 30 pct for reproduction 


Fig. 4—Micrograph of 59.7 pct CbC Fig. 5—Micrograph of 507 pct VC Fig) 6—Micrograph of 562 pet ZrC 
40.3 pct Co alloy X1500. Reduced ap 493 pet Co alloy. X1500 Reduced ap 43.8 pct Co alloy X1500 Reduced ap 
proximately 30 pct for reproduction proximately 30 pct for reproduction proximately 30 pct for reproduction 


attained in all case except with ZrC. The latte: In an effort to relate the different strengths of the 
carbide showed appreciable porosity, and it is not carbide-binder systems to a fundamental property 
beheved that the greatest strength was reached in of the carbide the transverse rupture trength 
the low binder alloy. The microstructure of ZrC and were plotted against the elastic moduli of the car 
cobalt reveals an unidentified light gray constituent bides used, Fig. 7. The elastic moduli are literature 
around the carbide grain Similar observations on a 


the difficulty of obtaining good properties and on the Table lil. Young’s Modulus of Elasticity of Carbides 


presence of another phase were made by Kieffer 


Carbide Young's Modulus, Psi 


8 


values, Table III]. There seems to be a fair relation 
ince, for systems with different carbides but similat 
vrain size and binder content the trength in 


crease with the elastic modulus of the carbide 
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Fig. 7—Relation of strength and elastic modulus 
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Action of Vibration on Solidifying Aluminum Alloys 


Acoustic energy is introduced into small melts of solidifying aluminum alloys 
using a metal probe vibrating at 8 kc per sec. Several changes caused by this treat 
ment are observed in the solidified ingots. These include size reduction of inter 
metallic crystals, a decreased gravity segregation of these crystals, grain refinement, 
and porosity reduction. No large increases of tensile strength are observed. The 
power radiated into the melt ts estimated by a calorimetric method. It is shown that 
a Cavitation mechanism is in qualitative agreement with the observations 


by P. D. Southgate 


— both ultrasonic and sonic, can alfect Vibrating probe into the liquid. Method ¢ is chosen 


the course of a variety of metallurgical proce ‘ here, and a trequency of 8 ke pel ec is used. The 
Reports of work on thi ubjsect have appeared at end of the probe is electrically heated so that the 
ntervals over the last twent ears and a thorough metal near it will be the last to solidify. This ensure 
eview has been made by Hiedemann, who gives a that vibration is transmitted directly to the liquid 
full list of references It has been established that metal without passing through any solidifying and 
both refinement of structure and outgassing of the pust intermediate region, which would attenuate 
elt can be produced in most metals with sufficient! woustic wave everely In addition, the heating 
riterine bration Many of the experiments in th prevent old metal adherin to the probe, with 
field have been carried out using alloys of direct consequent detuning 
ormmercial interest mn production — type castin The transducer ussembly 1 hown in Fig. 1 A 
puaiporrvenat Here a different approach is adopted tack of Permendur laminations 30 cm long acts a 


md simple binary alle vhich exhibit: different i half-wave vibrator and a winding along its length 
typ of structure are used to facilitate examination uri polarizin and energizing current It 1 
the effects produced under well-controlled condi nned by a half-wave coupling bar to a mild steel 
Then Results from this kind of experiment should exponential horn, which tapers from 3.8 to 1.1 em 
enable the ba of larger seale experiments with Liiat A stainle teel stul em in length is welded 
tilar types of materials to be better substantiated on the free end. The assembly 1 upported by a 
Phe allo elected for this work are: 1) aluminun plate located at the node of the coupling bar. Acoustic 
£992 pet purity, the principal impurity being iron radiation losses are minimized by allowing the free 
eur O4 pet, 2) Al-l pot be vhich is near cutecti end of the transducer to protrude above the surface 
comy tient ) Al-4 pet Fe the second phase, of f the coolin vate rhe exponential horn serve 
position FeAl, forms distinet acicular crysta the function of matching the acoustic output im 
umd 4) A > pet itthough tl eutects edanes f the transducer to the radiation re 
tie thie con normany appeat mothe ince of the probe into the melt. Electrical drive 
plate pre lead enerato 
Experimental Method Measure ments of probe vibration amplitude dur 
here are three practicable method by which ne melt treatment are obtained from a gramophone 


tt n tle attached to the wide end 
f the horn. This device calibrated with a micro 


) electromagnetic inductior and ¢) insertion of a Cup" 
Liquid ihurminun very actively erosive and 
P D SOUTHGATE is associated with Mullard Research Labora olution of materials with which the molten metal 
tones, Surrey, England core nto contact cause difficulty Erosion of the 
TP 44356 Manuscript, Apr 2, 1956. New Orleans Meeting obes in particular can be severe since it i eatlhy 
February 1957 wcelerated by the vibration. Tests of various acou 
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‘ 
vil ition cul transterreda yuid 
‘ ‘ 
: 


uitable material how that-stainles stee! 
mly shightly attacked, however 
After preliminary 


experiments, in which the liquid 


aluminum was cast into plumbago crucibles, an in- 
ilated mold apparatus was constructed. The metal 
poured in this from the bottom of a gas fired fui 
nace through a stream divider into two horizontal 
nolds 30 cm long and approximately 6 cm sq 

brick 


and each has a probe inserted at one end, one live 


are constructed of alumina-coated insulating 
the other a dummy. The opposite end of each mold 

water-cooled. The metal thus solidifies from thi 
end, solidification times varying from 2 min (at a 
the probe). Short 
eparation 


distance of 3 cm) to 20 min (at 
metal pegs on the cooling plate prevent 
of the solidifying aluminum and consequent change 
in the rate of heat abstraction. A thermocouple | 
located 13 cm from the cooling end 

The advantage of thi 
the effect ot 
eparated from 


the two effects occur in perpendicular directions. A 


form of apparatus is that 
gravity segregation can be clearly 
those of varying cooling rate, since 
large variation of solidification time can be observed 
in a single ingot, and the close similarity of treat- 
ment of the pair of ingots ensures a good control 
ample. The insulating properties of the mold wall 
olidification face being almost plane 
thus eliminating shrinkage stresses or piping 

The Al-Fe alloys are preheated to 850°C and 
tirred to prevent the intermetallic crystals sinking 
The temperature ts allowed 
Preheating of the 
ample to 


result in the 


and failing to dissolve 
to fall to 750 Cc before 
Al-Si 


umple 


pouring 
around 850 C, but is varied from 
No protective flux is used, so in the Al-Si 
marked. The molds are pre 

pouring, and the 


alloys ga olution 
heated to redne 

are maintained above the melting point of the metal 
by their heating coils until they are removed. Cool 
ing curves are recorded with galvanometer-amplifier 
instruments which give a continuous record, enabling 
rapid fluctuations of temperature to be 


before probe 


relatively 


followed, such as supercooling of the melt 


Fig. |—-Diagram of 
transducer assembly 
When operating, the 
radiating piston dips 
below the melt 
surface 
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Fig. 2—Sections of crucible cast commercial aluminum in 
gots with etched surfaces. The probe position is in a top 
corner of each ingot. LEFT: control, RIGHT: Treated. Probe 
vibration amplitude, 25.. The vibration has produced con 
siderable grain refinement over half the ingot X', Re 
duced approximately 30 pct for reproduction 


During the commercial aluminum and Al-Fe run 
the transducer continuously during the 


With the Al-Si the period 


vibrate 
olidification time 
of treatment is vaned 
After casting, the ingots are 
nally. One face } 


entire 


ectioned lonyitudi 
machined and etched tor macro 
copic examination Five tensile test piece tom in 


taken 


alony the center 


length are from fixed horizontal position 
ection, and tested in a Hounsfield 
tensometer. Spectrographic analysis is carried out 
on one of the broken halve and the other half ) 


mounted and polished for microexamination 


Results 


Commercial Aluminum and Al-1.8 Pet Fe pers 


ments with commercial aluminum have been carried 
out both in plumbago crucible and in the hori 
zontal mold. In the crucible experiments grain re 
finement is observed over most of the casting, see 
Fig. 2 
! produced only near the probe 
from the chilled face 1 
It is evident that in the horizontal mold the 


olved from 


whereas in the horizontal molds refinement 
Columnar growth 
unaffected by the vibration 
mall 
vrain size is not due to impurities di 
the probe for the mall amount of metal which 
olidifies after probe removal has the coarse-grained 
tructure of the control 

Similar result to the 
Al-1.8 pet ke A 
corded for both treated and untreated 


above are obtained with 
upercooling of about 1.5 © ts re 
amples. The 
probe amplitude is about 2 i peri 
ment 

Al-4 Pet Fe Alloy—Five run 
with the Al-4 pet Fe alloy 


fication pravity vation of intel 


were carried out 


During nermal solidi 

metallic 1 

urs. Vibration can eliminate this completely 
reduction inp erystal length of 

Table I lists the treatments of the 


Comparison of the figures in column 


an accompanying 
ubout five time 
lifferent ingot 
6 and ¥ now a fairly close a ociation between 
reduction and pravit eprepation re 
pothe j that the 


a consequence of the reduced 


crystal 
duction. It seems a reasonable h 
maller segregation | 
in the treated in 

from the ingots of run ute hown 
tal size reduction marked in 


APRIL 1957, JOURNAL OF METALS—-515 


tu 
at = 
4 
| | 
ale 
e 
x: 
ve 
§ 


> . 


difference in er 


Al-12 Pet Si Alloy—Fou iwcessful runs have 
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tal i/t the melt would be 


difficult to obtain 


Fig. 3—Sections of ingots of 
Al-4 pct Fe alloy cast in a 
horizontal insulated mold, with 
etched surfaces. The right 
hand end of each ingot is 
chilled, and the probe position 
is at the left-hand end. TOP 
Control, showing gravity segre 
gation of intermetallic needles 
BOTTOM: Treated. Probe vi 
bration amplitude, Inter 
metallic crystal size and grav 
ity segregation have been 
greatly reduced X'2. Reduced 
approximately 25 pct for re 
production 


Fig. 4—Sections of ingots of 
Al-12 pct Si alloy cast in a 
horizontal insulated mold, with 
etched surfaces’ The right 
hand end of each ingot is 
chilled, and the probe position 
is at the left-hand end. TOP 
Control, showing high porosity 
BOTTOM: Treated. Probe vi 
bration amplitude, 30u. The 
pores have been greatly re 
duced in size. X'2. Reduced 
approximately 25 pct for re 
production 


Fig. 5—Micrographs from the 
probe end of the Al-4 pct Fe 
ingots of Fig 3. The iron con 
tent of both these samples is 
near 4 pet. LEFT: Control 
RIGHT. Treated. X75. Re 
duced approximately 25 pct for 
reproduction 


} nh In the control ingot the gravity segregation been carried out using the Al-12 pet Si alloy 
the ¢ tal imnereuse vith distance from the a probe amplitude $0 w. In each case a reduction 
chilled end and length of solidification time. There of porosity observed, but with considerable v: 
no such effect in the treated ingot, showing that tion between similarly treated samples. In the c: 
ontinuous Vibration at the power level used here ing hown in Fig the relative pore volume 
eflective ove the whole range of solidification reduced by more 20 time while in a similat 
ite Vibration does not seem to alter the gra un the reduction factor is only about 1.5. The « 
eof the matrix of aluminum. Two typical micro of this variation cannot be determined from 
ecto taken from immediatel below the probe mall number of carried out In one run 
trun No 19, are shown in Fig. 5. The iron content transducer was not switched on until after solidi 
these particular sample almost identical fication had commenced, and the treated ingot 
In man evions of the treated sample the inte hows reduction in porosity 
netullrye « tals have a fractured polygonal appeat Fig 4 also how that treatment accentuat 
Adjacent 1 tals throughout the control speci dark band lying ‘the length of the ingot 
ens tend to f ta haped patterns, but in the the center. Microscopic examination reveals a much 
treated specimens these patterns are never seen in finer structure in dark band than in the 
vhere reduction has occurred portion. Iti uvvgested that eutectic formation 
The tensile strength of Al-Fe alloys is dependent been promoted, but more work is needed to eluc! 
on Composition This dependence causes the majo! this effect 
hflerenee 7 trenuth between imilarly located The average ten trength of the treated Al 
ample mn the treated and control ingot Takin alloys is about 10 pet greater than the control 
this factor into account, there is no systematic dif 
ferenes trenutl between treated and control Acoustic Power Level 
umples having the same composition, despite the A measure of the vibration power transferred 


valuable, but unfortunately 
Technical difficultie 
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preclude 


a, 

Q 

; 

- ‘ ‘ 


refractory pressure-sensitive devices in 
the melt. Change of transducer electrical input 
impedance when the probe is dipped in the melt are 
mall, and are influenced by other factor uch a 
probe heating, so these cannot be used to measure 
power transtfet! 

Temperature rise measurements on the metal in 
an electrically heated and insulated crucible of ap- 
proximately the same volume as the treatment mold 
how that a probe vibrating with an amplitude of 
4 w radiates 20 w into the melt. This power meas 
urement give au guide to the vibrating pressure 


umplitude during treatment Calculations on. the 
basis of the 
medium give a theoretical di 


of 


radiation resistance into an infinite 
ipation of the orde! 


Discussion 

Four definite effects have been demonstrated in 
a) the reduction of the grain size 
in commercial aluminum cast into cold crucibles, 
) the 

hypereutectic Al-Fe alloys, c) decrease of gravity 
egregation in these alloys, and d) degassing of Al 
12 pet Si alloy It also seems likely that vibration 
alters the structure of Al-Si alloys in some region 
Phese results agree in most re pects with those ob- 


these experiment 


reduction of intermetallic erystal size in 


tained by other workers using frequencies of the 
order of 10 ke per se« At widely differing fre 
QGuencie different effects might be expected. Thi 

indeed indicated by the results of Rostoker and 
Berge! 

In Al-Fe alloys the effect eem to occur at rela 
tively small levels of acoustic power, being consid 
erable even in run No. 18, where the acoustic input 

ly of the order of 1 w. The 
distribution and size of intermetallic crystals do not 
change throughout the length of the treated ingot 


indicating that these parameters are not very de 


was Calculated to be on 


pendent on the duration of treatment over the range 
used 

Grain refinement appears to require a higher 
power density than that needed for intermetalli 
crystal size reduction. In the longitudinal mold ap 
puratu rain refinement only occurs near the probe, 
Where the acoustic power its high. In the crucible 
castings more metal is refined but the total volume 
le and hence the power density is greate! 


threshold of 


There is no definite indication of the 


power for outgassing the Al-Si alloy 

Size reduction of both grains and intermetallu 
crystals can occur in two wa a) by the breakup 
of crystals or dendrites which have already formed 


or 6b) by an increase in the rate of nucleation The ( 


two mechanisms are related, since small fragment 
of a large crystal form nuclei for new crystal It 
eems that both these processes have taken place in 
these experiments. The reduction of supercooling in 


the Al-12 pet Si show that nucleation can be 
affected by vibration In the Al-4 pet Fe, on the 
other hand, the fractured appearance of the crystal 
would not be expected to be a consequence of in 


creased nucleation rate 


It has been suggested’ * that cavitation is respon 
ible for outgassing of melts by vibration, and also 
for grain refinement. Cavitation voids form on the 
negative pressure part of the vibration cycle, and 
can grow into gas bubble f this doe not occul 
they usually collapse on the positive pre iré part 
of the cycle, generating large local pre ire It i 
reasonable to suppose that these forces will fracture 
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olid particles in the immediate vicinity of the void 


Nucleation of cavitation voids will occur on particle 
ispended in the melt if the negative pressure i 
ufficient to overcome both the atmospheric pressure 
and the adhesive force between the liquid and the 
nucleu 

A different mechanism of crystal breakup wa 
proposed by Schmid and Roll, which involves the 

cous torce acting on the crystal These author 
good numerical agreement when their theory 


metal. It is doubtful whether 


found 
Was applied to Wood 
the mechanism applies here, though, since it pre 
dict marked a breakup olf hypoeutects alloy 


dendrites as of hypereutectic intermetallic crystal 


Table |. Effect of Vibration on Al-4 Pct Fe Alloys 


Crystal 
Lengths in 
Section, Mm 


Segregationt 


Probe 
Ampli- Casting 
Run tude, Temper Con Keduc Con Disper 
No ature, trol Treated tien’ trol Treated sion 
it ( ‘i 
‘ 77 in 
i ‘ { 
iv 77 05 15 ‘ 75 
Ratio of pre 1 i 
Spectrograph lye te ups ent ii or 
art ertical e the why the higot ent il 
he rt che ition fr ea the perce ' mitent 
the ‘ three pou 


It seems that in the Al-4 pet Fe alloy the inte: 
metallic crystals do not nucleate solidification of the 
remaining melt, judging by its independently coarse 
Adhesion between the melt and 
Hence, they 

Dendrite 


adhere 


rained structure 
the crystals must therefore be low 

hould form nucle: for cavitation bubble 
of hypoeutectic alloy on the other hand 
continuou 


well to the melt ince solidification 1 


proce Here, then, the acoustic power for breakup 


would be expected to be larger, which ts in fact 


observed. Calculated pressure amplitude upport 
this argument ince a radiated power of the orde 
of lw (run No. 18) corresponds to 4 pressure amph 
tude of about 1 atm. This 1 


cavitation on nucle: with low adhesion to the melt 


uflicient to produce 


but not on those having high adhesion 

Thu these observations of crystal breakup are 
Further 
however, to substantiate 


consistent with the cavitation hypothesi 
experiments are needed 
this hypothesis and to determine the thresholds of 


power and time of treatment 
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Deformation and Recrystallization of Silicon tron 


C. G. Dunn (General Electric Co., Schenectady) 
rhe authors have presented an intere ting paper Ccov- 
ering such points a hardne microstructure, Composi- 
tion, and texture For the most part, the discusse! 
agrees with their interpretations of the data including 
the circumstance for the retention of portions of the 
cold rolled texture. However, my preference in term- 
nology for the low angle recrystallization of grains of 
the (001)/110 would be their alternate 
term polygon unrecrystallized area Also 
I would like to draw attention to the recrystallization 
behavior of the (001)[110] omentalion in a bicrystal 
having, after 70 pet cold rolling, thi orientation and 
the (111){112| orientation which was reported two 
years ago The two crystals were in the form of two 
innealing at 980°C for 
periods of time, the « tal in the (111)[112] 
orientation recrystallized rapidly to a fine grained 
tructure while the crystal in the (001)[110] orenta- 
tion recrystallized slowly to a coarse grained structure 
Annealing at lower temperatures would, I feel certain, 
lead to the retention of the (001)/110) orientation and 
recrystallization with reorientation from the 
(111)[{112] orientation, which 1 what the author 
found in their polycrystalline sample 

In the discussion of Table I the authors pointed out 
that unrecrystallized areas had oftened by about 90 
pet. This is the same phenomenon reported by Dunn 
and Daniel who obtained ¢ entially 100 pet often- 
ing in 1 min at 800°C and considerable softening near 
600°C. The discusse! ample was a single crystal in 
the (112){110] orientation, which had been cold rolled 
20 pet It wa ubgrain 
yrowth may have been involved. More recently Hib 
bard and Dunn idence of poly gonization 
neal 700 Coin weakly bent ingle crystal but no 


ornentation 


ation ofl 


laye! one above the other. On 


Variou 


“away 


thought that polygonization or 
obtained ey 


attempt has been made to correlate uch microstruc 


ture data with hardne 


C. G. Dunn (General Electru Company Schenectady) 
The author ha 


yp texture 


obtained important results concern 
primary 
tallization, more data of th needed, | 
to clarify the mechanisn involved. My own 
been with Si-F* However, 
portance of prowth 


that occur followin} 
kind are 
believe 
york along these line ha 
ome time ago I pointed out the in 
processes in a paper partly conce rned with the subject 
of the cube texture in copper! 

If we consider the effect of temperature on the pri 
mary rystallizati texture and this is important 
in the two theork iscussed by the author-——it seem 
to me that the present results provide little information 
m this point The iata needed are the texture ob 
tallization 


ubsequent #rain prowth Two recent 


tained after 
ind not afte! 
papers on Si Fe treat thi 
lem of grain gre inder rather ideal condition 
The effect of anneal ron texture could be followed 
Since the results lead to 
those of the author I would 


ummarize f th work on Si-F« 


completion of primary reery 


probien and also the prob 


vith considerable 
different conclusion 
like to 
Two group m a single 
al provided mater! ‘ ] 
2) transmi 


cold rolled 


quantitative pole fig 


pattern 4) microstructure 
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206, pp. 901-908 


The authors refer to work’ on reecrystallization 


volving ingl crystal in the (111) [112] cold rolled 
orientation by saying that the textures alter recry tal 
lization were best described as (110){001]. I wish to 
emphasize that the texture did have (110){001] as a 
trong component, but that there were also a number 
of specific weak components for primary Peery talliza 
tion at 980°C 
about 550°C 
considerably 
trong (120)[001| type component 
pronounced effect of temperature on recry tallization 

I should like to amplify the reference to 
grain growth in my samples playing a role after pri 
mary recrystallization by summarizing some of the re 
ults obtained. Magnetic torque measurements on disk 
pecimens provided part of the important data. An 
nealing at 980°C after recry tallizing at 550°C lead to 


If primary recrystallization occurred at 
however, the (110){001] component wa 
weaker, and there also were two rathe 


Thus there was a 


author 


growth and orm mereuse 
component Direct recrystallization at 
produced a stronget (110) /001] com 

annealing at 


normal grain 
(110) [001] 
980 °C, howevel 

ponent. Further 
torque data, produced about a 9 pet Increase In the 
(110){001] component after which it completely van 
ished due to secondary recrystallization, The increase, 


according lo 


which occurred prior to secondary reery tallization, 
could only be explained in terms of mall grains in 
deviating orientation growth of 
(110){001]| grain Howevel uch growth could not 
grain in deviating orientation when they 
larger grains of thi 


econdary reerystal 


being removed by 
remove 
were above a critical A The 
kind grew and finally produced 
lization 


and 4) texture data from magnetic torque t An 


nealing involved primary reerystallization either af 
50° or at 980°C with annealing changes after primary 
tern perature of 
A comparison between the two group haowed the 
following Primary reerystallization wa nearly 100 
pet con ple te after 64 hr at 550°C with a lightly largel 


complete in min 


recerystallization at the anne 


yrain size than the other which wa 

980 CC growth in thie 
upon annealing 1 min at the 
940°C. At this point, pole 
torque data disclosed that direct 960 ¢ 
duced a much (110) [001 
texture than did 550° 4960 C annealing In facet, the 
latter had relatively strong (120) 001) components in 
addition to the (110)(001] component. Clearly these 
data showed that the primary recrystallization texture 
were different and that temperature of annealing had 
a marked effect 

The effect of growth following primary recry 
tion also disclosed the n arked difference in 


Noticeable former occurred 


higher temperature of 
figure data and magnets 
annealing pro 


tronget! component inn the 


talliza 
tructure 
and textures of the two group For example continued 
annealing of the 90 940°C group produced only 
normal grain growth with increase in the (110){001) 


component However, the leve l of the €110)/001} com 
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001) componer 
econdal 
ponent increas 
ired b 
‘ torgq 
ating orientation 
ved Occurrence 
if course thi: 
larger o1 
omponents of the primar 
produced milarly oriented component 
lial reat texture Amor 
120)/) 001 component These ere 
orventation relativel tror 120)/ 00) 
its in the primar res tall 
(Jualitativel 


temperature vroup 


temperature annealing produced very 
for primary reerystallization, quantitat 


different Just as differ 


er talliza 
relative grain 

dered and thi 
feo thy ult 


now like to compare 
data of the iuthor 
aroon the question of nuck 
ation. It will be noted that h 
mneal and final perce 
widition to the cube te 
of other component 
component immilar te 
ture These the author « 
penultin mneal and 
ponent vould be exper 
ponents theret 
ippeari If thi 
evidence in support 
are four components i 
texture providin nucle 
ation Phese four comporne 
oriented nuctk for econdat 
contrat to orpontes 
hould pre coMmpor 


author ox ‘ i onent 

Dhese ma ther mipared 
md 120) 1001 
tie sled it A undoubt 
edl favor normal grain grow Whether 
the A components imecrease I think, de 


component ! in 


temperature 


pends more on relative rain on mobilits 
becuse kind of bound: ed are the 
ame for absorption as for growtl ! the 
cube grains are mall annealiu 

component The author found the 

be concluded that more of the 1 

llowever, it inlikel 

ponent rain vould be too small t I 
l-type grau urvived, it is pe grow 
econdary 


vere 


md remove cube component, producing 
recrystallizatio with A type cor ponent hn the other 
hand, if normal grain growth should go quite far, it 1 
unlikely that econdary rect tallization would occur 
The Si- ke 
annealed for long periods of “ I think 
an example of this kind 


an ple rect tail ure and 


Y. C. Liu (Neu orl "ort Kron- 
bery and Wilson bserved that a l hr anne it 400°C 
of a 98.5 pet reduced OFHC copper strip produced a 
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ponent in Fig 
exhibit a pole figure of C component entirely, the cube 


aligned structure and that 

rientation took place when it 

it 650°C. This result 1 imilar to 

96 pet reduced electrolyt tough- 

annealed min at 200°C ,eCauUuse 
ference in tallization texture 

ne hand d the one observed by 

yn the other, I would 

hich cause this dif- 

« factors taken into 


fed growth hypothe l 


rlini asserted that “on the basis of the oriented 
hypothesis the high 
determined by the preferential 

xpense of the fully annealed matrix Am | 

at if the 

vere made nger than 20 min at 625°C, the A con 
ould disappear and would eventually 


temperature anne aling 


yrain growth 


econd anneal on pecimen 


texture’ 


reply) In answer to Dr 
amount 


Alfonso Merlini (author 

iu, it should be pointed out that the relative 

present is known to be affected by such 

penultimate grain size and the final 

; The explanation of these effects in 

of the theory of oriented growth has been given 

by Beck As stated in the paper, con 

nt work were deliberately chosen to 

innealing texture retained component 

cube texture One of the pertinent va 

thickme of the 

to state with a 

elected, additional annealing 

25°C would or would not have sufficed to practically 
plete ansformation to the cube texture 

that Dr. Dunn should be given credit 

upport of the view that the orientation 

an important fac- 

tallization textures and 


heet during annealing 
urance whether, under 


particular condition 


dependence of boundary mobility | 


tor in the formation of reery 
pecifically, for having expressed the view that 
rease of the intensity and of the sharpne of 
omponent in face-centered-cubic metals with 
annealing temperature is a result of con 

in growth 


tionably Dy Dunn work clearly estab 
hed the great importance of various annealing treat 
tallization texture and also on the 


particu 


the recery 
behavior of Si-Fe Howevet 
of the 

explanation of his results might be 

effect of varying annealing treatments o1 

distribution the dispersed econd pha 

particles always present in commercial 5) 

ll know! that variations in heat treat 
, nay have a great effect on the state of distribu- 
tion of dispersed second-phase partic les and thereby on 
Consequently, in material 

containing ubstantial amounts of impurity phases 
these variations in the distribution of the dispersed 
particle ilso have an important effect on the annealing 
Whether these variations can be adequately 
growth, or whether they 


variations in coarsening behavior, 


the coarsening behavior 


texture 
ribed in terms of oriented 
ado equire in addition onented nuclet, 1 diffi- 

de at the present state of knowledge of these 


phenomena 


It has been known for a long time that the rolling 
texture of coppet ind of aluminum includes very con 
derable orientation spreads. The results of the pres 
ent paper indicate that the 1 component of the re 

texture of copper, which are similar to 

ition texture components but somewhat 

nelude a rather considerable spread of 

the ¢£ ins corre ponding to the orienta 

recrystallization texture act as 
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tau belo thy evel of tl ponent heavi twinned 
Hlained during primat tier it mo ¢ apparent char 
On the other hand, continued annealing of the 960°C innealed 1 
ae nd « that observed in 
a the i pitch copper strip 
of the @ 
nereas the cube texture 
| 
nd ve Dr. Merlir n hi 
rair Ke to ast vnat 
it ere ference and how 
i i i I 
a 
vere ré 
the | 
texture 
il 
ilso the 
compo 
e of the 
ind high 
nilar result | 
vel however! 
the ere \¢ of course 
was them behavior during grain growth after primar’ 
ae: ! The result ! that wh factor i 
‘ ind onrented nuctlet have to be cor 
orrented gt vth alone cannot account 
these results on Si-Fe 
pper nee the latter 
r secondary reerystal 
he choice of penultimate 
oa eductior ive hu it 
ponent, large amount ' 
cf fies the latter as four 
lle the deformation tex 
nad th r A 
‘ hut thout entire 
Mei the authe data ore 
a imption that 
primary reerystalliza 
econdiat re talli 
a in other ra ippl 
ecrystal ation Phu 
mad net or more 
4 
“ie 
4 


for 


why 


Dunn sugge it i 
ion spre the 
represented the 
addition elec 
The relatively 
found by 
elective 


nuclei 
ilt to se« 

tallization 
texture, unle there is i 

principle due to growth 
narrow onmentation range 
Kronberg and Wilson ugge 
principle is actually effective. It furthermore if 
nificant that Bowl and Boa found eight of 
grains growing in cube texture copper, including 
onentation different from those of the uur A 
low zation 
the propo ed by 
not int role On 
texture 


oriented 
diffic 


recry 


coars ig. a 
the whol 
texture 


orientat 


coarsening 


tive oriented 


of the 


t that 


coarse 


ich a 


group 
eoarse 
quite 
components of the 
In this case 

Dunn apparently did 
the other hand, all the 


temperature recry 
nuclei 


ening 


oriented 
play a 
eight 


texture 


coal cor 


did 
ard 


mobil 


the correct orientation relationship 
to the texture for maximum bound- 

Thu that, in accordance with 
of the present paper with regard to the for 
the cube texture, oriented growth is by far 
ally effective factor in governing the 
ition of annealing texture 


ponent have 


cube 
it seen 
result 

ition 


the most univer 
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Fig. 9—Effect of oxygen distribution in the specimen on the 
grain boundary relaxation maximum 1s shown Curves a and 
c represent the cases of more uniform distribution of solute 
and b and d the cases of the pret rential segregation at the 


grain boundanes 


hboundart by viscou 
evidence to refute it 
Bratina and Winegard, by o1 ig a 
Ké, have tacitly repudiated hi explanation 
however, their use of t 


these circumstance 
ion “relaxation acro rain boundart 


ome clarification. Their explanation for 


friction difference between coarse and 
zirconium, shown in Fig. 2, also appeal 
hing to Ké. It is this point which the 
larly vishe to discu 

The features of internal friction vhich 
i evidence of viscou vrain boundart 
Fig. 7, reproduced from his paper en itled 
laxation Across Gram Boundarve n Metal 
ment is too involved to reproduce her but 

praim size hifts the internal 

e of 


that increased 
to higher temperature becau 

of the grain boundart TI 
different positions ol! irves I, U 
explained 

IV most 


the 


Curve IV and \V 
Corresponding to curve 
are extended cor pletel acro 
internal friction maximum become 

Using aluminum of comparable purit 
as able to reproduce curve No. 1 of Fig 


little v 


of experiment with very 
tests except that the maximum ocet 
higher temperature. He did not 

ame effect of grain size a 

ind the crystal cury 

ince it wa obtained by using 

Fig. 8 shows the relatior 
tion and temperature found 
of different grain siz The 
curve indicate the ave 

art ple repre ented ) 

very little information about 

1 wire with the m 
grains occupied the full « 

In the other wires the numbe! of 
full cro ection of the wires incre 
ind in the coarsest auned wire 
the full cro 
contained more 

iny point 

The curve 
tionship between grain size and 


ited by Ké in Fig 7. and the 


ith the proposed mechan! 
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crepancy is not at all 
annealing treat 
Fig. 8 were ob 


on for us di 


method, annealed ample 

yveen ind 2 pet and then rean 

it 550°C. The variation in grain size 

ind probably attributable to varying 
temperature gradients during recry tallization 
; ny treatment. Ke results were 
ned | annealing at progressively higher tem 
‘ ind longer time It may be that the sy 
the curves of Fig. 7 Is a re ult of 
nealin ents and that the apparent effect 
i e« is only incidental. As for the almost com 
absence of system in Fig. & that might be an 
h and Hall,” after making deter 
uggested 


he you) inneat 
gee in 


te 
entation effect Na 
ition f internal friction in gold wire 
rain boundary stability a determined by orien 

mn play i role in the observed effect The distri 
uution of orientation in fine grained wire could be 
«pected to be fairly constant from wire to wire, but 
coarse rained wire the orientation distribution 
ild iry consi ibly Phe re ult recorded in Fig 
therefor wo be consistent with the upggestion 
ivanced | N 1 and Hall. In any case, it} evident 
lifference between the A internal friction 


a 


ina and Winegard’s Fig. 2 cannot confi 


dent be ascribed to the difference in prain size 

W. J. Bratina and W. C. Winegard (author reply) 
The authors greatly appreciate Dt Forschet com 
ind at pleased to notes that the results ob 
b orkers at the Westinghouse \tomu 


Div in general agreement vith those re 


in the papel 
author he 
pect took place during the exper! 
of « more appreciable the higher 


en contamination of 


iture of the particular ¢ periment and the 
al to take the respective mea 
n and. as it is assumed, ke ip 
troven are picked up, ae pite the 
It appears from the exper! 
that or hi le amount of gas 1 ibsorbed 
itial content of oxygen 


below 700 theretore il 
tant if this temperature 


expected to remain nm con 
has not been exceeded in the experiment In the case 
eurve ¢ iF) } contamination took 
during tt xperiment itself mainly during the 

period when the temperature wa 


the internal frietion values of 

4) wa attributed 

interstitial to 

oundaric ! amount of solute 1 
annie mn both ca ind sin it is the 0 


boundary relax nm maximum which 


part affected 

presented whi h appears to 

on theor In Fig. 9 

hown. Curve a 

temperature—a normal exper! 
pecimen has been he ated 

‘ tic grain boundary relaxa 
dent despite the high amount of 

gen absorbed during the expert 
obtained b reheating the are 

| ind taking the measurement 

The difference between curve 

« due to a different di tribu 

he pecimen, A greater unl 
tribution between  prains and 
regor in phase is expected 
py the pecimen above the allotropi 


t Wa obtained 


perature 
ws rehe d 900°C: the grain 
ippears although 

Nii then obtained 


ind failed to reveal 
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ina number the 
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red at i Jittle for the mo 
ver, obtain the ome ae 
trated in Fig. 7 ipport tl 
is evidence data for a 
pure is obtai 
n internal frie mental pi 
iter in sample to 900 C 
ttached to eact ix! 
the grain for the 1.6 atom 
ese figure prive ment 
net howeve! pecimer 
vA) one half of it f ne t 
tion of the Vire ma 
occupying the tion of int 
wit! rain ‘ for 
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ection at transformation te 
rte thie pecimel 
onfirm the rel oundat relaxaty 
nal friction ind on hat reduced 
quite inconsistent | lar procedure as curve 
gen the respective maximun 


lar the grain boundary relaxation maximum so 
effectively 
The author appreciate Mr Bleakney interest in 
discussion of this paper. Bleakney’s comments deal 
particul: with relaxation ; grain bound- 
rie It was not the intention of the authors to treat 
type of relax ition in detail and therefore the term 
aration acro grain boundarie wa used without 
pecial explanation After the original work by Keé 
paper have been p iblished on thi ubject The 
relaxation across interfaces in general including 
boundaries has been reviewed by Nowick." Re- 
Marsh ups i certain modifications of Ke 
into consideration, for example, the 


Fig 10—Disappear 
ance of the grain 
boundary relaxation 
maximum for a 
specimen with ir 
regularly shaped 
grains is shown. The 
average grain di 
ameter is 005 mm 


ighnme There are few doubts about 


more the existence of the grain boundary relaxation phe- 
omenon, but there is much controversy concerning 
ferential Kregation Ke mechanism which postulate viscous behavior of 
expected ” grain boundari« Very recently Rhines et al 
oxygen-enriched ec eriou obrection with re pect to thi 
Forscher, on the relaxa 


ime } for 


nterpretation 
idered It appears quite difficult to den that so-called relax- 
meneity of ion across grain boundaries is actually related to the 
made employing Tucon rain boundaries, although it might be difficult to estab 
indenter p pecial at the exact relationship between the average grain 
tallographie orientation neter and the relaxation maximum characteristic 
rder to prove that the relaxation maximum in thi 
mal me 9 vestigation was caused by the relaxation across grain 
wre thie 


undoubted! i fune 


thre iuthor closely investigated two ex 
it lower ox 


data ver little ul 


ent of solute was encountered in the pec 


emes In grain size namel pecimens with a fine 
ined structure and others consisting of extremely 
ve grains, 10 mm more in length. In such cases it 

} Apparently this is the merit of the ns diffieult to ignore the effect of the grain bound 
itu techniq i" vhere the oxidation is ear (rea con plete ly 
xtremely reduced pre ee, 3 in virtual The authors realize that it is possible » Suppre 
pite of this, the possible effects of an 
urface la 1 the grain boundary re 


grain boundary relaxation maximum effectively 
n for fine grained specimen Fig. 10 show an 
InN be complet ignored internal friction curve for a zirconium specimen from 
the following consider on n to rule the same high purity material which was annealed in 
urface la in con vacuun it, and quenched fron 900 CC The grain 
UPPressior ' rain bound boundary relaxation maximum i trikingly reduced 
m in the author case The despite an average grain diameter of 0.05 mm. In thi 
ipparently did not exist at the time curve 


i 
case however the grains are irregular in size and shape 
is taker ince the prain boundary 
evident. The layer could not 7 ‘ 1947 
heating period, since the amount 
ibsorbed | the pecimen wi 
ivailable was that 
if a shgeht enrichment of 
ur at the inface it is highly in 
hould be able to influence in particu 


Phase Transformations in Titanium Rich Alloys of Nickel and Titanium 


Harold Margolin and R. F. Bunshah (New York Uni wniin Fiy was impossible to form a mat 
tu, New Yor The discusse would like to con tersite tructure } % pet Ni alloy in any of the 


iutheor in interesting paper and pre thicknesses used 
data ‘ the ubject \fter a betatizing treatment of 1000°C, 30 min, fol 
paper lowed by an ice brine quench, 1 i ¢ sample 
Universit \ rried out some howed a hardne of 440 Vpn for ; Ni alloy and 
pur tituniun bese Ni alloy con Vpn for ib pet Ni alloy Thi ome 
pet Ni on worl ponsored by Wright formation 
« under contract AF33 (616) The determin: of the M, temperature presented 
form martensite across the considerable diffier After some experimentation, the 
iter quenching. The following technique was adopted: Samples 1/16 in. thick 
vere be ized, then quenched into a molten-metal bath 
held a \ temperat int from 700° to 300°C. held 
there ¢ and quenched into iced brine. After 
quenchins from the reaction temperature the micro 
tructure consists of ind martensite the reaction 
is cor equently reduced in tage tempel! iture 1 lowered 
. n. Specimens of 1/16 and 1/32 in The entire specimens are carefully scrutinized for 
thickne on quenching in wed brine olution in igns of «, particularly at the prior » grain bound 
elded a ivtersite tructure or the T ,-4 pet Ni alloy ries ind the te mperature at which tl are no sign 
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an 


of @ is taken to be the M, temperature. From isothet 
mal transformation specimens, it was known that some 
holding time. The 


grain boundary e@ will forn 
M, temperature may be too low F of the rapid 
transformation rate of Ti-Ni al requiring rapid 
cooling attainable at a sufficiently 
low temperature 

Jased on this and other pr 
alloy in alternative expla! 
ed in this paper Is poss! and hould appreciate 
the author comments on wou pretation advanced 
below 

The hardne of retained in lump specimen 
the order of 300 Vpn. The au rs’ hardnne 
unalloved iodide titaniun indicated that the u 
due to the u ota all load, 10 


rk wit! itaniun 
the results report 


hardne 
Thus. if 6 were retained, a hardne vell belo 
Vpn reported bv the author vould be expected The 
inference consequently ts that some 


A 


decompositior 


has taken place during the quench fron the field 


The presence of the phase has been reported 
including the Ti-Cu 


many titanium alloy systen 
tem and Ti-Ni systen Robinson et 
Memorial Institute have reported the 
phase in quenched and tempered 
The » phase exists in the temperature 
800°F (204° to 427°C), coexisting with 
highest temperature 

The failure of the author 
be due to the fact that at 
amount is present and the X-ra 
insensitive to thi mall amount 

Judging from the high hardne 

ample it is postulated that some - msforma 


quenched 


tion occurs during quenching 


The following 


posed 


decompo ition equence ! then pre 


supel aturated a 


equillbriu 
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1) The high hardne of is-quen 
referred tot the author i ined 
ome ow phase having formed during 
2) The hardn ak and concurrent X-ri 

the 


the quenect 


maxima 
train betwee 
saturated a 

3) a appeal to 
Additiona upport ni 
associated with the reta disappe 
mation to a”. If «” for nartensith 
not happen 

4) Fron i king similarity of the 
and «a the ipersaturated 


nucleation 


in the Ti-6 pet N 


is not marten morphological difference 


f the ‘ I 


accounted for by the difference in cooling rate 


the 4 field. This further avoids the anomaly of the 


Fig. 11}—Ti 4 pet Ni 
alloy. Treated at 
1000°C tor 30 min 
followed by an 

ice brine quench 
X1500 Reduced 
approximately 10 
pct for reproduction 
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measurement of the rate 
formation rphology and a” morphology 


ild ive decomposition of p- 


iturated 
It might be added that the very rapid formation of 
norphology by nucleation and growth is not incon 
tent with the very rapid transformation rates ob 
i m thi wtive eutectoid Ti-Ni ystem Vers 
formation has been observed in other alloy 


This also avoid the anomaly that the martensit« 


mmation uppre ead 
prowth product (om phi torn by higher cooling 
tion the fact pel ‘ 
te transformation can 


vherea a nucleation and 


(It is not inten 1 to que 
in some allo the marten 
uppressed 

In pa ns t might be pointed out that the Ti-Ni 
constitution diagram quoted by Polonis and Parr’ placed 
the eutectoid composition about 6-7 pet Ni and, if eo 
tated 


rect, the 6 pet Ni allov is not hype reutectoid a 


the author 


Douglas H. Polonis and J Gordon Parr (author 
reply )—The author wish to thank Dr Margolin and 
Bunshah for ubmitting their interesting discussion 

related data It would ippear in View of these 
tional results that there | ome difference in be 
between finely divided material and large! 

might be expected The author 


mp pecimen i 
techniques were 


vould be interested to know if X-ray 
ised to detect ar ' of transformation of retained 
quoted in the discussion The 


in the 6 pet Ni 
temperatures in a fast eutectoid 


letermination of M 
ten ich as Ti-Ni ts difficult and e are inclined to 
cooling method in preference to 

method quoted in the discussion 

would like to offer the following 


favor the continuou 
the metallographr 
In addition we 
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1) The author york on thi 
n particles finer than 48 mesh (Tyler 
introduce 1 potential variable 


term was carried out 
ecreen 


particle ize effect 
respect to both M 
irtensite under the microscope 
») The that they were uccessful 
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rmiall ti of could 
Attempt reveal any ow b were un 
ful The hardmne value do not eem high 


temperature and appearance 


author believe 
ithough it is not inconce ivable that very 
pre ent and not detected 


ough to indicate that o™ ts pre ent in view of the Ni 
content of the pecimens (€6 atomic pet or 7.5 wt pet) 
Drs. Margolin and Bunshah have quoted a hardne 
100 Vpn for retaine ad but have not specified the 
nickel content. The 7.5 pet Ni alloy 
tobinson et al. corre pond up 
vould 


name 
ported to contain mt 
proximately to our 6 pet | itomic) alloy Wie 
he interested to learn of any results of tempering treat 
ments performed on their specimen for both 100 pet ff 
ind ‘ pecimen following quenching 

The tempering treatments were performed high 
formation (400 to 


he temperature range for 
tempering, it} hbeleved 


». If » did form during 
there hould be enough for X-ray detection, pat 
vorking with powder which 
itive to X-ray studies than 


‘ vere 
en 
the hex: 

as observed in increasing amount 
Studi at lower tem 


ivonal structure designated 


prog tempering 
iture in 400°C also revealed formation of «a 
it lower! rate 
author wwree that «” appear to form by 
on and growth and may involve a mechanism 
minite formation It logical to consider 
a supersaturated but it forms in 


a“ 
The tructure we called a nlso 


is verified by X-r: ind 
ty detection of Ti.Ni in ten 
oul Nii produced by 
field without precipita 
lar etructure to what 
irtensite True it dos ap 


ensite which is shown 
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in Cold Rolled Si Fe Crystals 


Promary Recrystallhzation Textures 


Hsun Hu ed these results as an evidence un- 
hi ‘ fav ) oriented growth theory. Since with a 
col lex rmation texture of (111) [112] and 
mous OO1) [110], there is a 3)1332] orientation which 1 

related to both texture components by [110] rotation 

5” to 30 Therefore, nuclei of this orientation are 

oriented for growth in both texture henee 
tallization texture should be of the (113) [332] 
oriented growth theory is valid. However 
rimental result howed that the recrystal 
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the deformation texture 
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rectly alter 


author 

roadening 
f deformatio band 
i! che 


ences 


potty 


TI evidence 


Its and 


pro 


appeat 
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2) re elated to the our cold rolled 1 tal with the 
tation I ind the cor be valuable In connection w 
lirection Dr. Hu nterpretation of whi 
k of noticeable influence namely, that nuclei fe CY 
by adding a (001 110 lll 112} component and U 
deformation texture i the expense of material of the 
the recrvetall ition ve belleve correct The f 
can provide nucler due to more ! 
in our opinion, completely in 
il grow finally at the ex oriented nucleation theory of = 
texture material. thi If a rotation of 25 to 30) 
ected as favorable for growt 
cluded that nuclei in the 
f orably orrented for 
OO) 110) onrentatior 1) 
fatior ibout th 
the 110) 
apart as any = 
the cre 
‘ 
agree that similar studies on oriented growth 
Per 
h Associate of dislocatior will be delayed as will 
A k on the re consequentl thie ibyvrain tmiust 
nan continued to \nother explanatiol must be fou 
ar proce that i metallul 1 ore 
liscover the rela customed to thinkit im ter ol 
physical propel rane. vould have Hd merely 
tructure If ‘ tter of stored cnergs ince itt 
At ‘ ile lot tf itl is thie 
ch the metal detormatior ilu nun deformed 20) pet 
vere cot pletel tore Ile this lon im allo ae 
nan made a great formed to the extent. Therefore, durin mneal 
ne of the initiall the peed of the recover proce vill be greater 
findiur the relation for the metal 1! phes fored That thi 
he pi wal properts 
n ov rie evidence ol be ex prenne 
vered elu ind raise ‘ 
bout olute ton rm othe ‘ 
mportant ¢ ence the 
en the influence these 
lization nd ! recovel sl ! the following 
Gas a few magnesium ator lissolved in at leformed met partially recov 
ix crease the ict ition ot re ature nici thie ime rmmetal 
crystallization, the decrease the act ition of er tempe it will recover more slowly 
recovel It seen that thi irpt ! experimental t the Latte te perature, or ¢ mie than the annie 
cu nt meti ould if it ere heated thus (T.) 
ut explar if of itive Kpecte itior 
mayvnesiun itor yvhich hasten the thie of X-ra rie 
f dislocatior in the ib i bound I} 4 ticle ‘ the plitting 
On this HEPsis oni t hard to understand ein the anneal temperature Po 
other feat _ ) onnected, miple t Psu sore ! recove 
maller subgrain size in the presence f ignesiun ed dev the ope, but the exhibition of sii 
ston or the little effect re j on the mn ‘ ! which neo ibprain 
of the ubgrau formed te perature 
was found | Rachines MeLear { ere also found is during sin 
high temperature deformatior ere pu yea 
are annealed out as fast as the ire formed, the nfirmatior vores 


early lage of the recovery and 
bboundary mobility) with increas- 
iré In thi cast tne ize of 
accordance with the annealing 


to that oftening (degree 


eCON must be found and thi eems to be so 
EE. C. W. Perryman (author ply)—I would like to 
for his most interesting discussion 
| vith hi vork on the re 
unfortunately appeared 
publication. It wa 


yood agreement between 


ce that the equilibrium sub 
nfluenced by ubgrain boundary 
perfection of the subgrain 
iat recovery 1s due to the an 
mperfections within the sub 
reconcile the foregoing tate 
fact that the rate of recovery 
by the first small magnesium 
ing magnesium content having Ilttle 
vhereas the ubgrain ize decrease 
th mag ium content up to 3 pet 
ted in 1 paper, it is possible that the 
um on subgrain size may, in fact, be 
im concentrating at the subgrain bound- 
decreasing the mobility of the ubgrain 
f The que tion 1 why doesnt thi happen 
plastic deformation at elevated temperatures 
For both put! aluminum and Al-Mg alloys, I have 
ov ubgrain size increases with decreasing 
vork and have suggested that this 1: 
entation difference between adjacent 
with decreasing cold work. If thi 
ome small amount of cold work mag 
ate to the subgrain boundart 
ve no effect on the subgrain size 
the « x planation as to why magne 


ium ha 
ubgrain size after plastic deformation 
perature 


Recrystallization and Grain Growth in lodide Zirconium 


W. Perryman the present work it would 
ion and growth whereas in the 

panied by the formation and 

the normal nucleation 


Relative Interfacial Enerques of Symmetrical Tilt Grau Boundaries in Silver 


\. Gijostein and N. Rhines 
j au 


t t ine bo i B-C migrate to the energy 
Pe It clo not see like ) illel to the 001) direction in each 
nee crystal ind C have been 
boundary B-C ; ymmetrical tilt 
will necessarily 
112 or 110 
kept vertical) for 
tal A. Hence at 
tion 


line 
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nee t ofr mate fror i cor pletel rail ize during the 

te ent laborate Ne ‘ triete trie il ‘ ina 

the agreement complete eve tn innealing tempe 

Be, tre © othe point the p rticle 1} plotted 

It was found that irge amount of X line 

ident due only to the partie ol 

ibsence of Direct « er eof ti 

obtained 1} ey ed part 

The splitting of the gran nd format ‘ 

| ill 

perfeet mnen!l na the stance 

ou be cont ‘ ‘ op here the 

ibgrain boundat pp even aff th of 

‘ W hie hie ippear om ry il pe 

ect chieved. equ briun temperature 

‘ ‘ ‘ 

\ 

te ‘ tall il rite face na thu 

ve owl topped. We think that the author has the 

thou mn? nea hie Ones harp i} 

nerensing anne have heen notice 

a 

} her temperatut equilil j not at 

‘ The ordet perfecttor hod of 

ertain seale the ‘ the terme ture. the smaller 

bie onver per ‘ re ital er 

aa oy eceul jew defects can be annealed out and 

enched reet « leone 

fining ten ilue of the half-pea re } ina 

a dat thy ensured microhardne enter 1 n the lowest 

temperature I'he ra e which ma ‘ 

tw eparated ‘ eli pet 

4 ‘ it ele ited ten 

related 1 the devree of perfect of the entire ‘ ote re sure 

ene the reason for the large owth of sul 

¢ 

ippear 

eit er 

the 

‘ owth thre ithe ment on rent liscrepancit 

i i leone ippa rey 

A 

1 

a 

‘ 

x 

bye it if tt tris the cuse il that are mmetrical with respect to an Imaginary 


irawn from the triple point parallel to boundary 
and extending into crystal A. In other word 
boundaries A-B and A-C should 
e/2) with thi Since the large an} 

incoherent boundaries are ¢ tructure 
and since they would each be near equivalent boundal 
(if they exist for these bound 


would be me arly 


Hla Ke an angk 


imaginary iifie 
entially of hike 


energy cusp po itions 
aries), thei 
equal, and they would not 
difference in the angles d and h 
Thus it would seem that boundary orientation ¢ tect 
hould lead to d being equal to /t and that the observed 
iifference hould be attributed to ¢ ither, or bot ] 
errors of measurement, and/or 2) la k of equilibriut 
at the triple point In the latter case, impurity aton 
or inclusions at the ol appreciabl 
ture of the boundari 
an important role in preventing them 
their ideal positions. When the average of the mea 
ured values of d and h for each 0 was u ed to recalcu 
late ¥, from Eq. 1, it wa found that there were ho 
ignificant differences in the values of from those 
obtained by the author. Therefore although the in 
equality of d and h indicate that there Is a non 
equilibrium condition present at the triple point, the 
fortunately insensitive to thi 


orientation derivative 
expected to produce 


boundari curva 
near the triple point, ma pla 


from reaching 


calculation of ¥ 
facto! 

It is assumed by the author in calculating 4 that 
the orientation derivatives of boundari 1-B and A-C 
are negligible they have primarily an inco 
herent-ty pe tructure With the 
and Friedel! et al,” there have been no 
tempts at measuring the effect of boundary onmentation 
upon its energy reported in the literature. If the orien 
tation derivative values obtained by He ire of the 
right order of magnitude, con iderable error could re 
ult in using Eq. 1 to calculate On the other hand 
a“ pointed out by He hi probably too 
high becaust of the pre ence ol inclu rons at the bound 
rie At present, work ts in progre in thi 
to determine the effect of boundary orientation upon it 
mall angles of misorientation 


because 
exception of He 


temat il 


value “ure 


laboratol 


energy for both large and 


K. T. Aust (author reply)——It would be expected 
that the boundary angle d and h be 
basis of symmetry of the crystal orientation 
ever, three specimens in the present tudy 
marked divergence between the \ slues of these angle 

two of which were associated with relatively low angle 
grain boundarie Three observed 
previously,’ each one corre ponding to the presence of 
a low angle grain boundary Therefore, it 
ible to ascribe the a ymmetry to the unknown effect of 
orientation of such a boundary on Its energ) The 
anomaly might also be attributed, in part, to the diffi 
culty of accurate observation of the boundary when it 
mall orientation difference or lov 


equal on the 
Hiow 
howed 


imilas cust vore 


eemed po 


corre pond to a 


nequality of angle d and h is not sufh 
reached 


energy The 
erent iwevel validate the 
as noted by Gjostein and Rhine the 


conclusion 


insensitive to this variation 

indicated that the low mobility 
affect the equl 
used here 


have 
e boundarte can seriou ly 
on proce in trierystals of the type 
kinetic as well a 
iwolved. Similarly, Gjostein and Rhine: 
nonequilibrium condition | present at 
where 


quentl ligration energy 


it least in those 
differ Although boundaries in real 
ent nonequilibrium structures, intel ect 
mia ittain local equilibrium through 
hort distances. The 
of ive angle boundari may msure 


pecitne 


over relativel 
ood 
© experiments there are always two bound 
which can move freely enough 


in eact pecimer! 
it was observed 


to produce local equilibrium In fact 
point of junction of the three 
quentl moved through a distance of 
eters during the proce of cooling from the freezing 
int. The specu were then annealed at tempera 

! point for relative ly long periods 

it boundary were obtained It 1 
therefore, that the angles under con ideration 
value and that metastable 
An additional justi 
piven in 


boundaries fre 


thi thie 
everal milli 


i 


angle 


are it thei 
equilibriut tutes are not reached 


equilibriun 


fication for this assumption was previou ly 


Fees 


Gyostes Rhines mention the possibility of im 
role in preventing the 
equilibrium position Im 
puritie imnificanee 

their effect on the grain boundary energy itself. It 
vieinity of the 


puritie laying al 
boundart mn reaching} 


hboundat may be of more 


itoms in the 


peo ible that in purity 
modify the boundary 


dislocation lines of the boundal 
contro] the 


factor may 


direction 
then lead to 
containing 


energy and thu boundary 


onentation The 
isvmmetry of angles d and h for 
dislocation boundat! which would not 
b the dislocation model of the 
on the presence of dislocations in @ pure cry tal lattice 


impurity 
pecimen 
predicted 
boundary based only 


Since the energy 1 large-angle incoherent bound 
il is nearly constant over ¥ ide range of orventation 
adjoining grain "it appears likely 
derivative of such a boundary 1 


However, a 


difference of the 
that the orentation 
truly negligible within rather vice 
quantitative tudy of the magnitude of orventation 
ive for both large and small angle boundart 


field 


1 Interfacta 


certainly a needed approach in thi 


Study of the Fe Si Order Disorder Transformation 


Hiroshi Sato (ford 
years ago, the behavio! 
mation of the Fe-Al-Si 
Research Institute for Lron, Steel and ( 
Tohoku University Sendai Japan ind 
result wa publi hed 
cited in this paper, it seen 


f this paper togeth 


points of 
The authors claim that 
Fe-Si alloy does ! apret 
theory of AB,-type 
alculation b Shock 


at the 3:1 composition. It 


fron 
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sleulation above should be applied only 
alle of face-centered-cubt 
lattice If the 


treated in 


lattice and 

of body-centered-cubi 

dvy-centered-cubie lattice 

r it is clear that at least the 

ion should be 

in AB,-type 

ond nearest-ne) 
rathes 

omposition curve of an 


econd 
taken into 
upe rlattice @ 
vhbor interactior 

to expect 
lattice a“ 
n. This was first point 


it he Al 
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ceaicu : 
Lor 
hibrat 
Con 
cu p 
upee 
the try 
angle da al 
crystals rep 
\ ! 44 Cleveland, ASM 
‘ ft Nye Proceeding Royal Soe 1952, vol 
‘ 1949, vol. Alg6é, p. 64 
Priede mn bp ¢ nd C. Crussard: Act Metallurg 
4 
Frank W. ¢ er and ivanicr 
ov Me pe 7 06, pp 1290-1299 
mn Several ‘ er. that the ¢ 
ler transfor to the AB,-type 
gated in the not to Ab,-typ 
ther Metal probler of at 
part of the the isual man 
it vere not nearest-neignbe 
ai i ore int ou rae! 
esult tuble phase. If 
I compo ition cul { of take! nto i 
th the curve expected { ) the theory 
le of Easthop (also 18-tvpe alloy of body-cent 
it now al thie | cor tt iti 
num Sees should be noticed, now ed out | during the investigation of =z! 


il resistivity 
nperature CU- 
However, by 
istivily- 
light bend of 
re Probably the 
the Fe-Si systen 
W. Ivanick (author 


eview!!l 


Frank W. Glaser 


reply) 
pertinent litera 
nade to public au 
the Fe-Si order-disorder re 

incover and thus include 


referred to in his di 


elterence 


cus 
ver, that Sato et 

with theoretical 

formation 

ith a description of ex 

hed more lght on the 

Si alloys as a function ol 

as made by u 

pservation with 
cited in the article 

composition, Our 

reported only for 


il curve who 


to corre 


certain 


cx 
comparison 
made these 
coordination 


number 
ite a 


maximum at com 


ceontered-cubic Case 


cited by Sato have not been 
ation, we hall gladly 
inilaritu 


a and Murata” 
composition, It ap- 
e brittle Fe-Si 
ed: however, 
little influence, 
our results 


between 


in con 


ynitude oft 
ilarities in thermal sta 

Fe Si and Fe,(Si Al) 
comparison with 


As cited 


upe!r 
results ob- 
in our paper, 
observed an extra 
uperlattice, which 
of rapid quenching from a tem- 
melting point 
vrmal stability characteristics of 
Al upel attice and a corre 
these two with the thermal 


reported for the Fe,Al super- 
istifiable obser 


tabilit ol 
vite 


vation 


Temperature Dependence of Rec 


very Phenomena in a Cold Rolled Aluminum Single Crystal 


W. Perryman 


(80 pet) at 


room tem 
vation energy for 


ine breadth were 


| nad — ly 20,000 + 5,000 cal per 
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Ry 
‘ j } er ‘ j like ‘ 
‘ usu por ili e 
i | ‘ eircutl tance VOuUIC te 

: ‘ We erely regret that 
rie ‘ ‘ ‘ ‘ 
( ‘ ture, abstracts, and 

pe ha © 

‘ ‘ ct ! ‘ nave lalied 1 
of the tudie mad 
int or ! pole j 

ntatior iy rie 
likely to be eraek cre quench Petimentation ‘design 
ry} haractel tie 
nal t out ‘ re p i i 
‘ ‘ ‘ ‘ el 
it ‘ ‘ el ‘ 
ty \ nee some of the studi 

2 our findiu ind those of Osa 

‘ on ‘ ‘ ‘ ‘ 
The Fe ‘ peu possible that quence! 

‘ ‘ Siam irement of specific heat eported 
ture curve these alle ind other data Out igvestion regard 
ild bility characterists 
j nd. therefore i ft i Di i 
the type of riche \ tained |} a 

Replacit dluminum | the T. of the is retained “in sy 

ipo tliee of Be \! type ore tror thar pe il to tl 
! te « fre iement \ milaril ol ft 

as licon ate umed. In th we T. would go up ponding d lari 

f ke Al and Fe type f onlinearit rh othe ittice ppeared to be a 
wtual ve ts that there i stror repulsion 

Physical Soc., Japan, 1951 
j eer iu ma ‘ 1 the nearest ‘ 
Inst of Metals, 194 4 
ther omplication the bel or of 
Cie feet on the spont netizat re 1951, Series I , 
ind to be h FeAl and Fe Inst. of Metals, 1940 

C. pore la Lt nun hen cold working 
Chalk Rive i pleased to see iture, | al found that the act 

that 


400 cal per! ole tor 


reported bv the 


mole for line breadth and 22,900 


oftening agree very well with Ulose 


autnor However with sn aller amounts of cold work 
(20 pet), the activation energie for recovery of lime 
breadth and hardne were not the ame, being 22,400 + 


2000 and 31,800+2,600 cal per mole, respective ly 


In view of the foregoing result I cannot agree with 
tentative 


the author conclusion that the rat { lime 


harpening and the rate of initial softenu are dete 


mined by related elementary processt Since the acti 
vation energy for recovery of line broadening ts inde 
pendent of the amount of cold work it is not unreason 
able to suppose that this is controlled by a4 sin le pro 
‘ uch as dislocation climb. The 
of hardne i dependent on the amount ol! 
uggests that in addition to di loca 


operating 1 


activation energy 
for recovery 
cold work which 
tion climb some other mechanism 1 
pet rh ip not urprising for avallable evidence ind 
cates that 
tages of recovery and also that the 


ubgrain growth occu! in the very early 
hardme 


ubgrain size and on the 


or yield 
trength will be dependent on 
type of subgrain boundary pres nt after recovery ana 


the orientation difference between adjacent subgrain 


A. Berghezan (European Research Associates, Bru 
els, Belgium)—This paper is one of a long seri 
focusing light on one of the most 
rently important problems in the tudy of the physi 
of metal that 1 oftening without recry tallization 
yw the recovery of the cold worked metals b inneaul 
ing at low temperature 


ignificant and cul 


Until now. the definition of recovery has been the 


oftening of metal without observable tructural 
change 
definition contain i striking 


oftening ol 


It is obviou that thi 
contradiction, since it is well known that 
the metal during the recovery proce brings its physi 
cal properties very near to those of recrystallized metal 
while still appearing to maintain the structure of the 
deformed metal 
relationship 


As is also well known, there its a close 


between structure and mechani al properti and vice 


versa. Thu oftened material after recovery, having 


mechanical properties approxil iting the recry tallized 
material the tructure of the deformed 
material. All methods used to re veal a change in the 
metal during the recovery 


until vers 


cannot 


tructure of deformed 
proce have failed to detect thi 

It is greatly to Dr. Beck's credit that the problem of 
brought to the fore and that he hows how 
erroneous our ideas on thi been. Dr 
Beck and A. H. Lutts raise a new and very interesting 
harpenin there 
intro 


recently 


recovery 1 


ubject have 


point: after the completion of line 
till remains a part of the total work hardening 


duced by deformation 
In a recent paper on the structure and the properti 
of recovered metal we found the same 
alloy of aluminum with 3 pet Mg, and 
X-ray that, after the 


imperfection till remained in subpral 


feature in a 
homogeneou 
howed by 
harpening 
which developed during recovery. These imperfection 
last for a long time at low temperature As an ex 
trongly deformed metal show the compl 
harpening after 5 min at 200 ¢ ind afte: 


con ple tion of line 


an ple a 
tion of lire 
only 3 min at 280°C, whereas the ne irly complete soft 


ening dot not occur until after 3 hr at ina 


it 280°C. During the further softening evolution of 
the structure can be followed not only by X-rays but 
slso by color microscopy which provides evidence of 
the mechanism of thi oftening, the ubgral become 
more and more perfect and at the ame tit 1 cor 
tinuous growth of the ibgrains occul 

It is thus evident that 

1) The subgrains appearing during recovery ar not 
perfect; they become perfect only later after low tem 
perature annealing. The numerou defects disappeat 
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before ana 


progre ivel from the tire volun 
during their growth 
’) When the subgrains achieve complet perfection 
» thermodynamic equilibrium seen to be established 
it their interfaces and so gr wth i topped 
4) These phenomena clearly uggest that then 
rowth is related not o1 to the ubboundary energy 
it equall ind po bly principally to the defect 
hich they contain in the entire volume 
Completion of line sharpening appears 4 oon as the 
thve ibgrains reacthe about O.o even of there 
are till strains remaining m volume Direct 
pe ler ¢ dence has been obtained in oul work rut 
thie often wecul i Wil tated previou lv, by con 
muou growth and imultaneou perfection of the 


ion of Dr. Beck conclusion and 


ve thank him and his coworkers fo all their valuable 
ind authoritative contributions to thi important fe ld 
iwreement of oul 
often 
Perry 
in for 80 pet rolled aluminum 1 Which 
hould be considered as a con 


Paul A. Beck (author's reply) —The 
retivation energies for line sharpening and tor 
vith those independently detern ined by Di 
encouraging 


one of the two papel 


firmation of the other | difficult to determine, sine 
both manuseripts were received by LIME on the same 
da 

In regard to line harpening, the wreement is all 
the more remarkable ince the kinetics were quite 


different. Dr. Perryman found a maximum of about 
harpening 
bevond a certain annealing time observed 
that line vent to con pletion e.g after a 
ifficnently between 100° and 
s0°C it reached the value mea ured for fully reery 

tallized aluminum (1 a breadth at half intensity of 


i 


pet recovers only with no furthel line 

while Wt 
harpenin 
long period oft recovel 


tbout 4’). The reason for this discrepancy not clear 
among the difference it experimental condition ore 
of the most obvious are the use of polyery talline ma 
333) Ke reflec 


terial, a photographie method and the 
ingle crystal 


tion by Dr. Perryman, as compared with 
quantitative diffractometer measurement 
«4 GM. counter and the (220) Ke reflection In our In 


At any rate 


by mean of 


the activation energy obtained 
ignificantly lower than that 
vould have to be ia 


vestigation 
in both investigations |! 
for self-diffusion and this fact 
counted for, if an interpretation of the 
ittempted in terms of elemental 
As to the hardne data, it 1s not at all clear how a 
could possibly be derived 


meaningful activation ener; 


from the time for complete recovel at various tem 


perature 


mechanism | 


proce ‘ 


when recovery resulted only in partial soft 
parying with the anneal 
ing temperature The activation ener} (31.86 keal pel 

mole) for the oftening of the 20 pet rolled material 
was apparently determined b Dr. Perryman in thi 
catter 


valut en the cause of the 


ening, the finat teady value 


annetr It may be pointed out also that the 

of the v 
invle erystals described in the present paper, | fairl 
o that no great accurat can be claimed tort the 
then The ame is ub 

talline peel 


microhardne 


wctivation energy derived from 


doubtedly true even more for the polyery 


mens used by Dr. Perryman Under the circumstance 

it might be afer not to draw fat! reaching conclusion 
from the apparent difference ot erved by him between 
tre wtivation enerpie fo! oftening in 20 pet rolled 
ind 60 pet rolled specimen On the other hand, Di 


Perryman is probably correct in pointing out that the 
conclusion derived in the present paper 
determining 


hould te 


irding the possible identity of the rate 


oftening 


process n line sharpening and in 

ikewise not considered as a well established one 

Dr Bergheza! interesting comment ire great 
ippreciated, Hi excellent paper should be certain 
eferred to in connection with our work Perhaps it 


nted out that recent, more swcurate hat 


hould be poi i 
‘ easurements in oul laborator by B. G. Rickett 
ndicate that the initial hardne drop during recovet 


X Ray Diffraction Determination of the Coetticrents of Expansion of Alpha Uranium 


Authors’ Correction 1y simple reference temperature transfor- 


iculatin the nstant for a, and unit 


d of the Argonne 
w data at 20 K were considered as nor- 
possibility that there may be a sudden 
dimensions in the low temperature 
disregarded 
last column ‘I II] Rive the root mean 
of the observed unit cell dimension deviations 
respective fitted curves (S,). Comparisons 
ilu for the equations represented by the 
fourth onstants indicate that com- 
ible fits to the data obtained 
P : The hapes of the curve calculated from the two set 
f equation well with the exception of those 


Discussion vp The ury om the author equation shows a 


Liovd , ! e in lattice parameter ust above 27°C, then 
lo (Arqonne N rate 
wr is off to almost zero decrease and finally again de 
ihe replottin dit nsio ries 
with increasing rapidity up to 640 The curve 


b, equation reported here starts out at 27°C 
lope and then continues w an increasingly 
ope up to 640°C. However, at lower tempera 

through reversals of slope 

f sk r both curves results from the 

ve fitting employed and the essentially 

Table 111 Constants for Equations Relating Unit Ce ilues of the lattice parameter between 0 K 
ind room temperature. The better curve shape neat 
vom temperature, whi is obtained from the equation 
rted here merely i esult of considering a wider 


ot Uranium and Temperature 


perature range of data 
The mean coefficients of expansion calculated from 
equations reported here agree we ll with those given 
Fable I] of the paper A is those calculated for 
trot the author equations do not becs of the 

anges in slope near 27°C 
er would like to acknowledge the assist 
Walker arryving out the calculation 
quare method of curve 
fitting 

J. R. Bridge, C. M. Schwartz, and D. A. Vaughan 
iuthors’ reply The authors wish to thank Dr. Lloyd 
r his contribution. His calculations provide equations 
ved data over the entire temperature 
tivated. Addition of the low temperature 
computation of the equation eliminate the 
he slope of t curves in the vicinity of 
The authors did not use the low 
their computation because of the 
ved cell dimensions for a 
and ause of the limited number 
the wer temperature Although 
and Dr. Lloyd's equations fit the 
well at higher temperatures, 
and be low room 
hould use caution 
reported for three ing tl ignifican if the cell dimensions at 
ind 27°C ‘ A0Vvda atio idering the po sibility 


econd and 
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350°C ma large than that indicated b 1 999 203, p. 1053, Journ 
epte ‘ " 
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